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Abstract
Robust Arterial Spin Labeling T2 Measurements
Perfusion and bolus arrival time are often quantified physiological parameters. By ad-
ditionally quantifying permeability it is hoped to better understand tissue physiology or
monitor small permeability changes in cerebrovascular diseases, which are difficult to de-
tect by traditional gadolinium contrast agents. A problem of gadolinium contrast agents
is the size of the macro molecules. They cannot pass an intact or slightly damaged blood
brain barrier, whereas hydrogen molecules are small enough to pass it. In arterial spin la-
beling (ASL) the hydrogen spins of the water molecules in inflowing blood are selectively
inverted and can be used as a non-invasive endogenous contrast agent. In standard ASL
modules, generally only T1 effects are considered. This is sufficient for perfusion and
arrival time but not for capillary wall permeability quantification, due to the small dif-
ference of blood and tissue T1 times. In contrast to this, T2 times of blood and tissue are
considerably different, which makes arterial spin labeling T2 measurements a potential
method for permeability estimations if current modules are extended and optimized to
include T2.
Yet, accurate T2 calculations are often very time consuming, limiting the acquisition for
an individual patient and the general implementation in clinical routine. In the present
work, acquisition techniques and fitting routines of a multi-TI multi-TE 3D-GRASE (gra-
dient and spin echo) sequence are presented allowing a fast and reliable T2 calculation at
every inflow time, which can be used for permeability estimations. An optimized acquisi-
tion scheme and T2 calculation algorithm is found with regard to accuracy, measurement
time, and signal-to-noise ratio (SNR).
The concept of adaptive averaging is presented, which allows the acquisition of longer
inflow times more often than shorter ones, improving SNR at long inflow times by 1.5
and more, but by simultaneously keeping the total scan time constant. The impact on T2
calculations from stimulated echoes in combination with different kinds of crusher gradi-
ents at several refocusing flip angles is evaluated in phantoms and volunteers. The fitted
T2 results are compared to simulations and gold standard single spin echo T2 values.
Finally, T2 values at multiple inflow times with different turbo factors (TF) are obtained.
The impact of the turbo factor on the T2 calculation is simulated and verified in a vol-
unteer study, resulting in a suggestion for an optimised imaging scheme for TF>1. For
TF1 the multi-TE ASL 3D-GRASE sequence is already capable of T2 measurements at
multiple inflow times, very close to T2 values obtained with the gold standard single
spin echo sequence. The T2 values could be directly incorporated in a two compartment
model for perfusion quantification, to further study tissue functions or disease related to
permeability changes.
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1 Introduction
Magnetic resonance imaging (MRI) techniques play an important role in neurological rou-
tine and research. It is a section diagram method where the intrinsic spin of the hydrogen
nucleus in water molecules in the body is used for image generation. A strong static mag-
netic field is needed, as well as coils for sending radio frequency electro-magnetic fields
and to receive signal. Considering the spins of the hydrogen as small bar magnets, they
will align with the streamlines of the strong static field. By sending a radio frequency
pulse of suitable frequency they are excited and moved out of the streamline position.
As soon as the radio frequency pulse is turned off, the spin begin to return to the aligned
position, leading to small magnetic field changes which will, according to Faraday’s law,
induce a signal in the receiver coil. With different gradient fields image slices can be se-
lected and spatially coded, so that by Fourier transformation, a signal can be transformed to
image space. Clinical scanners are adjusted to proton MRI because human bodies consist
of 70% - 80% water.
The advantages of MRI over other imaging modalities such as computer tomography
or PET include very good soft tissue contrast, free positioning of the imaging plane in
any arbitrary orientation, the examination of functional parameters, and the fact that no
ionizing radiation is used. Currently, in neurology, magnetic resonance imaging plays a
more important role than computer tomography.
In the beginning of the 1980s, it became possible to display dynamic processes with
MRI. Since, many different imaging techniques such as time of flight angiography, diffu-
sion weighted, diffusion tensor, functional and perfusion imaging with contrast agents
have emerged.
Arterial spin labeling (ASL) was developed in 1992. In this technique the water mole-
cules in the blood are used as an endogenous contrast agent by selectively inverting the
hydrogen spins of the water molecules in inflowing blood. It is therefore a completely
non-invasive technique that allows any amount of repetitions, with independent results,
within a short time, outplaying traditional contrast agent methods and making it the
method of choice especially for children and patients with repetitive follow up.
Even though the basic idea emerged twenty years ago, it took until 2008 for the first
application to be commercially available on a MR scanner.
The basic contrast in MRI comes from the tissue interaction with electro-magnetic ra-
diation, manifesting in several relaxation mechanisms. The spin-lattice interaction, rep-
resented by the longitudinal relaxation time T1, is the tendency of the spins to align with
the static magnetic field. The spin-spin interaction, represented by the transverse relaxation
time T2, leads to a dephasing of the transverse spin alignment. T2’ incorporates dis-
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turbing factors like local field inhomogeneities. In ASL, T1 is mainly used for perfusion
measurements. A small part of this work deals with perfusion quantification, while the
main focus is on T2 measurements, which hold the possibility to give insight into further
physiological parameters.
The standard models for perfusion quantification consider only T1 relaxation [Bux-
ton et al., 1998]. Even though they have been extended to two compartment modules,
which consider vascular and extravascular space [Parkes and Tofts, 2002; Zhou et al.,
2001], they are not suitable for permeability quantification because reproducibility is low
[Parkes and Tofts, 2002]. Carr et al. [2007] investigated the limitations for perfusion and
permeability quantification, stating that perfusion is quantifiable by only considering T1,
while for permeability quantification the acquired signal was at least two orders of mag-
nitude too low. Here, one main problem is that T1 of blood and tissue is very similar.
However, quantifying permeability could be useful in several aspects. It could help to
better understand tissue functions, monitor changes in diseased tissue or under drug
therapy, especially if the blood brain barrier is affected. Blood brain barrier changes oc-
cur in several disease, like tumours, multiple sclerosis lesions, Alzheimer or stroke. In
these cases, permeability is often increased and currently, is usually detected by the in-
jection of a gadolinium contrast agent that accumulate in the damaged region. Due to
the size of the macro molecules in the contrast agent, they are not able to pass an intact
blood brain barrier. Therefore, small damages of the blood brain barrier are sometimes
hard to detect. Hydrogen molecules on the other hand are small enough to always pass
the blood brain barrier and knowing that T2 values of blood and tissue have significantly
different values makes ASL T2 a potential method to determine blood water exchange
rates non-invasively. First attempts were made by Gregori et al. [2012; 2009] and Liu
et al. [2011]. Gregori et al. fitted T2 within a two compartment fit or used fixed T2 values
while Liu et al. first fitted T2 to later on incorporate the values in the two compartment
model.
All these approaches would benefit from a reliable T2 acquisition and fitting routine
fast enough to be implemented in clinical routine to determine T2 values for every indi-
vidual patient so they can be used in permeability fitting. In this case, the most accurate
determination of T2 of different tissue types, such as those preformed by Stanisz et al.
[2005] and Gelman et al. [1999] is not very important. It is rather essential to include a
fast T2 determination into a standard ASL sequence without significantly increasing the
scan time. The multi-TI 3D-GRASE sequence [Günther et al., 2005] has this potential.
This work intends to give a guideline to optimize image acquisition techniques and fit-
ting routines of the multi-TI multi-TE 3D-GRASE sequence for ASL T2 measurements to
obtain reliable and reproducible T2 values in a short scan time.
First, an overview of the Basic Principles of Nuclear Magnetic Resonance is given. The
chapter will also cover the theory of the Extended Phase Graph, visualising the generation
of echoes and possible pathways of the magnetisation in spin echo experiments and the
concept of Crusher Gradients. Both are important to understand the influence of non 180◦
refocusing pulses on the later introduced T2 evaluation.
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The Basic Principles of Nuclear Magnetic Resonance are followed by a short introduction
to Magnetic Resonance Imaging. Besides Signal Localization, k-Space Formalism, and Tissue
Contrast image acquisition techniques used in the following are introduced as well. A
special focus lies on the 3D-GRASE sequence and the Turbo Factor used for partition
encoding.
Chapter 4 gives an introduction to ASL, covering among others Continuous, Pulsed and
pseudo-Continuous ASL, the General Kinetic Model for perfusion quantification, labeling
schemes STAR, FAIR and influences of Magnetisation Transfer and Q2TIPS. Background
Suppression Techniques are also shortly described. At the end, the Optimised FAIR PASL
Pulse Scheme is described in detail because it is used for all ASL acquisitions in this work.
The independent part of this work is initiated with chapter Adaptive Averaging. The
multi-TI 3D-GRASE sequence is modified in a way that longer inflow times are acquired
more often than shorter ones. Signal-to-noise (SNR) can be raised, especially at long in-
flow times, by simultaneously keeping the scan time short. The improvement gained by
adaptive averaging, on perfusion quantification with the general kinetic model is verified
in a simulation and volunteer study.
The following chapter Avoiding the Effect of Stimulated Echoes focuses on the optimiza-
tion of T2 acquisition and fitting by testing the effect of varying crusher gradients and
fitting approaches at four different refocusing flip angles. For this, the extended phase
graph theory and the ASL sequence is extended to incorporate linear increasing and al-
ternating crusher gradients. The impact is first simulated. In a phantom study the ap-
plicability of the ASL sequence for T2 measurements is tested by comparing calculated
T2 values of a gold standard spin echo sequence to those calculated from ASL data and
including the findings of the simulation. In a last step, in-vivo ASL data is acquired and
analysed.
In the chapter on The Influence of the Turbo Factor, the extended phase graph is modi-
fied to simulate and fit data with different turbo factors. In an in-vivo study, data at six
different turbo factors is obtained and fitted, taking the results of the former chapters for
optimal acquisition strategies and T2 fitting into account.
Based on the results of the former chapters, in chapter 8 multi-TI data with two dif-
ferent turbo factors is obtained to show that robust T2 measurements are possible in a
reasonable scan time and to study how T2 evolves with the inflow time (TI).
Chapter 9 finally summarises the results of the three main chapters and gives an out-
look on the potential of T2 calculation and possible future applications.
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2 Basic Principles of Nuclear Magnetic
Resonance
The Stern- Gerlach experiment from 1921 [Gerlach and Stern, 1922a,b], showing that elec-
trons and atoms have intrinsic quantum properties, can be seen as the origin of nuclear
magnetic resonance spectroscopy. The first nuclear spin experiment verifying the theory
of the magnetic moment of an atomic nucleus was performed 1939 by Isidor Isaac Rabi
with a modified Stern- Gerlach experiment. In 1944, he was awarded the Nobel prize
for his work. Independently by each other Felix Bloch [1946] and Edward Mills Purcell
[Purcell et al., 1946] published results of the first successful nuclear magnetic resonance
experiment in 1946. They were honoured the Nobel prize for their work in 1952.
2.1 Nuclear Spin and Macroscopic Magnetisation
Here a short introduction to the physics of nuclear magnetic resonance is given. A de-
tailed explanation of the nuclear spin is found in [Slichter, 1992], while [Liang and Lauter-
bur, 2000] focuses more on the principles necessary for magnetic resonance imaging.
All nuclei with an odd nuclear number possess an angular momentum ~J , also called
nuclear spin or simply just spin. Biological tissue consists to large amounts of hydrogen,
therefore the following description focuses on the magnetisation of protons. Protons are
spin 1/2 particles. It is assumed that the proton spins around its own axis and therefore
crates a magnetic field around itself like any spinning charged object. It is represented by
the magnetic moment ~µ.
~µ = γ ~J = γh¯~I (2.1)
γ = 2pi · 42.6 MHz/T is the gyromagnetic ratio for hydrogen. h¯ = 1.05 · 10−34 Js is the
Planck constant and ~I the spin quantum number with the two eigenvalues m = ±12 .
By applying an external magnetic field ~B0 that defines the predominant direction nor-
mally chosen along in z-axis, the degenerated energy states split in two energy levels,
called parallel and anti-parallel state. The parallel state is preferred because it has lower
energy. The energy difference ∆E of the two states is proportional to the external mag-
netic field and with that to the crossover frequency ω0.
∆E = γh¯B0 = h¯ω0 (2.2)
In analogy to the energy splitting of the electrons the effect is often called Zeeman-Splitting.
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2 Basic Principles of Nuclear Magnetic Resonance
The population of the energy states (pm) is given by the Boltzmann distribution:
pm =
e
−Em
kBT∑I
m=−I e
−Em
kBT
=
e
γh¯mB0
kBT∑I
m=−I e
γh¯ mB0
kBT
(2.3)
m is the magnetic quantum number,Em is the energy of the m-th state, T the temperature
and kB = 1.38 · 10−23 J/K the Boltzmann constant.
At body temperature (T=310 K) and an external magnetic field of B0 = 3T the popula-
tion ratio of the anti-parallel (-1/2) and parallel (+1/2) spin alignment is:
p−1/2
p+1/2
= e
− 1
2
h¯γB0
kBT · e−
1
2
h¯γB0
kBT = e
− h¯γB0
kBT = 0.99998 (2.4)
On the first sight this population difference does not seem much. But the number of pro-
tons in the body is very high. For example, grey matter, consisting to 80% of water has a
hydrogen molarity of 0.088 mMol in a 1mm3 sample. Multiplied with the Avogadro con-
stant (NA = 6.022142 · 1023mol−1) this results in a population difference of the two states
of 5.30 · 1019 protons (values taken from [Haacke et al., 1999]). Therefore, the macro-
scopic magnetisation ~M can be described by the summation of the microscopic magnetic
moments of an object,
~M =
1
V
Ns∑
i=1
~µi, (2.5)
Ns being the total number of spins in the volume V of the object. It is important that V is
small enough for the external field to be constant but as well to be big enough to contain
a large amount of protons. In equilibrium the macroscopic magnetisation can be written
as the sum of population of the energy states and the eigenvalues of the spin quantum
number per volume and number of protons N :
~M0 =
N
V
+I∑
m=−I
pmγh¯m =
N
V
γh¯
+I∑
m=−I
mpm =
N
V
γh¯
+I∑
m=−I
∑+I
m=−I me
− h¯γmB0
kBT∑+I
m=−I e
− h¯γmB0
kBT
(2.6)
For high temperature approximation kBT >> γh¯B0 and spin 1/2 particles this leads to,
~M0 ≈ N
V
I(I + 1)γ2h¯2
3kBT
B0 =
N
V
γ2h¯2
4kBT
B0. (2.7)
2.2 Equation of Motion and Resonance Condition
The equation of motion for a single spin in an external magnetic field ~B0 is,
d~µ
dt
= γ~µ× ~B0. (2.8)
In the case that all spins in the volume have the same resonance frequency, the spin
ensemble is called an isochromat.
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2.2 Equation of Motion and Resonance Condition
If no interaction among the isochromatic single spins takes place, equation 2.8 can be
transferred to the macroscopic magnetisation (cf. equation 2.5):
1
V
∑
i
d~µi
dt
=
γ
V
∑
~µi × ~B0 (2.9)
or
d ~M
dt
= γ ~M × ~B0 (2.10)
The precession of the magnetisation about the external magnetic field ~B0 described by
equation 2.10 is called nuclear precession. The frequency of the precession ω0 = γB0 is
known as Larmor frequency. Since the precessing magnetic moments have random phase
the transverse macroscopic magnetisation in equilibrium is zero. An illustration of this
condition can be found in figure 2.1. Phase coherence among these randomly precessing
Figure 2.1: Distribution of an spin ensemble with random phase of the single magnetic moments. The distri-
bution at the two cones is given by the Boltzmann distribution (cf. with equation (2.3).
spins can be established by the resonance condition. An external oscillating magnetic
radio frequency field ~B1(t), perpendicular to ~B0 and precessing at the same frequency as
the spins, is needed to induce coherent transitions from one energy level to the other. It is
important that the radiation energy of ~B1(t) is the same as the energy difference between
the two energy states of the Zeeman- Splitting.
h¯ωRF = ∆E = γh¯B0 (2.11)
or
ωRF = ω0 (2.12)
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The resonance condition (equation. 2.12) states that the Larmor frequency has to be the
same as the oscillation frequency ωRF of ~B1(t).
2.3 Radio Frequency Excitation and Rotating Frame of Reference
~B1(t) is a electro-magnetic frequency field at radio frequency applied for a few micro- to
milliseconds, often called RF pulse. Its strength is in the milli-Tesla range and therefore
much weaker than the stationary field ~B0.
With ~B1(t) being perpendicular to ~B0 it looks like:
~B1(t) = B1
 cos(ωRF t)sin(ωRF t)
0
 (2.13)
and the equation of motion (2.10) becomes:
d ~M
dt
= γ ~M × ( ~B0 + ~B1(t)) = γ ~M ×
 B1 cos(ωRF t)B1 sin(ωRF t)
B0
 (2.14)
For simplification a rotating frame of reference is introduced. In the rotating frame the
magnetisation rotates with the Larmor frequency around the z-axis of the stationary coor-
dinate system. The variables in the rotating frame will be marked with ′. The advantage
of the new reference frame is that ~B1(t) loses its time dependence.
(
d ~M
dt
)′
= γ ~M ′ ×
 B10
B0 − ωRFγ
 = γ ~M ′ × ~Beff (2.15)
If ωRF = ω0, B0 − ω0γ fulfils the resonance condition and the z’-component is zero, the
magnetisation ~M ′ describes a precession just around the x’-axis.
(
d ~M
dt
)′
= γ ~M ′ ×
 B10
0
 (2.16)
The flip angle of the magnetisation with the z-axis is determined by the duration tp of
~B1(t), as well as by its pulse amplitude.
α = ω0tp = γB1tp (2.17)
Typical flip angles are 90◦ for excitation and 180◦ for inversion. Depending on the com-
plexity of the application there exist lots of varieties of pulse shapes and frequency char-
acteristics changing the contrast of MRI images. But it is always the traverse component
of the magnetisation that induces a signal in a receiver coil perpendicular to the B0 field.
And this signal is the measurable MR signal used for all further interpretations of an
experiment.
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2.4 Bloch Equations
So far the equation of motion describes an undamped precession after the application
of ~B1(t). But it is only true for an ideal ensemble of spins. In reality, we observe relax-
ation, meaning that the spins return to equilibrium values. In 1946, Felix Bloch [Bloch,
1946] published the famous equations describing the magnetisation when the relaxation
times T1 and T2 are considered. He assumed that the relaxation in z-direction (also called
longitudinal direction) is different from relaxation in x,y-direction (called transverse di-
rection). For longitudinal relaxation the magnetisation exponentially increases, while it
exponentially decreases in the transverse direction. The Bloch equations with the phe-
nomenological relaxation terms are:
dMx
dt
= γ(M ×B)x − Mx
T2
(2.18)
dMy
dt
= γ(M ×B)y − My
T2
(2.19)
dMz
dt
= γ(M ×B)z + M0 −Mz
T1
(2.20)
M0 describes the thermal equilibrium magnetisation when justB0 is present, see equation
2.7. The Bloch equations are only true for spins in liquid state molecules since in solid
states relaxation can be anisotropic and be dominated by strong dipole-dipole interaction.
However, for biological tissue representing more a liquid state they are quite appropriate.
2.5 Longitudinal Relaxation - T1
In the case of a constant field in z-direction the Bloch equation, describing the longitudi-
nal relaxation, is a first order differential equation.
dMz
dt
=
M0 −Mz
T1
(2.21)
By solving this equation the time dependence for the longitudinal magnetisation evolves
to:
Mz(t) = Mo(1− e
−t
T1 ) +Mz(t0)e
−t/T1 (2.22)
Where Mz(t0) is the magnetisation in z-direction. It is important to realise that the time
constant T1 is defined as the time when ∼ 63% of longitudinal magnetisation after RF
perturbation is regained. Figure 2.2 schematically shows the relaxation process.
The longitudinal relaxation has its origin in microscopic fluctuating magnetic fields. They
can be produced due to the interaction of magnetic moments for example, coming from
Brownian motion and internal rotational degrees of freedom of the molecules. The trans-
verse component of these fluctuating fields can induce transitions between the Zeeman
states if the frequency is close to the Larmor frequency. Because of the energy transfer
from the spins to their surrounding this process is also called spin-lattice relaxation. It is
not only depending on the properties of the sample but also on the temperature and the
strength of the static magnetic field [Bloembergen et al., 1948].
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2.6 Transverse Relaxation - T2 and T2*
With a homogeneous field in longitudinal direction the solutions to the Bloch equations
in transverse direction are:
Mx,y(t) = Mx,y(t0)e
− t
T2 (2.23)
The decay of the transverse magnetisation is plotted in figure 2.2. After the excitation
pulse a coherent magnetisation is established. The dipole-dipole interaction of the spins
leads to an irreversible loss of phase coherence. Due to the fluctuating magnetic fields,
already described in the longitudinal relaxation process, the precision rate and therefore,
Figure 2.2: Longitudinal and transverse relaxation of the magnetisation after an 90◦ excitation pulse.
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also the phase of the spins is changed. This process is also called spin-spin relaxation.
No energy is exchanged in this process but the entropy of the system is rising. This
irreversible decay is described by the time constant T2. Note that it is defined as the time
when ∼ 63% of transverse magnetisation is decayed.
Pure T2 decay can only be observed with specially designed sequences described later.
Often a faster decay is observed. Field inhomogeneities of the static B0 field for example,
from susceptibility changes at tissue boundary surfaces lead to the faster dephasing of
the transverse component. The existences of lots of spin isochromats, of which some are
precessing faster and some are precessing slower than the average Larmor frequency,
lead to a phase dispersion or fanning out among the spin isochromats. The effect is
described by the time constant T2′. Reversing the effect of T2′ will be discussed in the
part about spin echoes (section 2.7). The inverse sum of both dephasing processes is
characterised by T2∗.
1
T2∗
=
1
T2
+ γ∆B0 =
1
T2
+
1
T2′
(2.24)
The received signal is often called FID-signal (Free Induction Decay). A very characterful
description is found in [Liang and Lauterbur, 2000]: "Free" refers to the fact that the signal
is generated by the free precession of the bulk magnetisation vector about the ~B0 field; "induction"
indicates that the signal was produced based on Faraday’s law of electromagnetic induction; and
"decay" reflects the characteristic decrease with time of the signal amplitude.
2.7 Spin Echo
In contrast to the FID an echo signal is characterized by its "two-sidedness". Which means
it has a refocusing and a dephasing side. Two kinds of echoes are distinguished, the echo
from radio frequency pulses and the gradient echoes. The first type was discovered by
Erwin Hahn in 1950 [Hahn, 1950] and will be the focus of this section. To generate an
echo from radio frequency pulses a minimum of two pulses is necessary. Probably the
most used and best known one is the Spin echo (SE). It can be generated by a pulse se-
quence of 90◦ - 90◦ pulses, like Hahn did, or for example, by a 90◦ - 180◦ pulse sequence.
For simplicity a sample with just two isochromats is assumed. If the 90◦ pulse is applied
along the x′-axis the magnetisation is flipped to the y′-axis in the rotating frame. Be-
cause the two isochromats have different precession frequencies (ωs, ωf ) they lose phase
coherence. After a time τ the 180◦ pulse is applied along the y′-axis and flips the two
vectors on the other side of the transverse direction. The precession of the isochromats
is still clockwise but the one with the higher precession frequency is now behind the one
with the slower frequency. After again the time τ the faster isochromat has caught up
with the slower one and the transverse magnetisation is restored, except from the parts
coming from T2 relaxation. The process is pictured in figure 2.3. Usually a time for τ
is chosen, where the transverse magnetisation and with it the FID signal has completely
vanished, which means the different isochromats have completely faned out. In figure 2.4
the signal of the SE is shown together with the pulse diagram. Spin echoes can as well be
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produced with non 180◦ pulses but only parts of transverse magnetisation are regained
in that case. And if more than one non 180◦ refocusing pulse is applied stimulated echoes
are generated. For experiments with multi refocusing pulses the extended phase graph
theory, described in section 2.9, is a simple way to describe the amount of the measured
transverse magnetisation.
2.8 CPMG-Pulse Sequence
The pulse scheme of the CPMG-pulse sequence (Carr-Purcell-Meiboom-Gill) uses a 90◦
pulse for excitation of the spin system, followed by several 180◦ pulses. The time be-
tween the 90◦ and first 180◦ pulse is τ , while it is 2τ between two 180◦ pulses. The same
number of SE will be observed as 180◦ pulses are applied. The sequence is often used for
determining T2 values.
Figure 2.3: Illustration of producing a spin echo. a) The 90◦ pulse flips the magnetisation to the y′-axis. b)
The spin isochromats lose phase coherence. c) The isochromats are flipped to the other side of
the transverse plane by the 180◦ pulse d) Phase coherence is restored after t = 2τ .
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Figure 2.4: The signal after the 90◦ pulse is the FID. At t = τ it is vanished and the 180◦ pulse is applied,
forming a spin echo with its maximum at t = 2τ .
In the original sequence by Carr and Purcell [Carr and Purcell, 1954] all RF-pulses
were applied along the same axis. By applying the refocusing pulses orthogonal to the
excitation pulse Meiboom and Gill slightly modified this original sequence but reduced
cumulative phase errors of imperfect 180◦ pulses [Meiboom and Gill, 1958].
2.9 Extended Phase Graph
In multi TE experiments, with just perfect 180◦ pulses, calculating the longitudinal or
transverse magnetisation after a certain time would not be too difficult. But in reality due
to imperfect 180◦ pulses or pulses diverting from 180◦ not all parts of the magnetisation
get refocused. By applying non 180◦ pulses three things can happen to the magnetisation.
First, the magnetisation will be partly refocused, second, some parts stay unchanged and
can be refocused later and third, some parts are flipped back to the longitudinal direction
and discover T1 decay, before they might be flipped back to the transverse plane and
get refocused. These effects lead to a smaller signal in the first echoes but increase the
amount of magnetisation in the later echoes, or lead to echoes at time points where they
would not be expected in the first case.
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In 1988, Hennig [Hennig, 1988] introduced the extended phase graph (EPG) to visualise
the generation of echoes and the signal pathways of the magnetisation. In figure 2.5 the
extended phase graph is shown for a three pulse experiment. Horizontal lines represent
magnetisation that experiences T1 decay while the diagonal lines experience T2 decay.
The slope does not represent the gradient, it just connects the state of the magnetisation
right after the first and just before the next pulse. An echo is measured when zero crossing
takes place. The first pulse flips parts of the magnetisation to the transverse direction and
leaves the other parts in longitudinal direction. After τ1 the second pulse is applied. It
acts on the longitudinal magnetisation at zero like the first pulse did, flipping parts to the
transverse direction (middle diagonal line) and leaving parts in the longitudinal direction
(line at zero). But it also acts on the transverse magnetisation, splitting it in four branches.
Figure 2.5: Extended Phase Graph for a three pulse experiment. Primary spin echoes accrue at 2τ1, τ1+2τ2,
2(τ1 + τ2). At 2τ2 occurs a secondary spin echo and at 2τ1 + τ2 a stimulated echo.
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The upper diagonal line represents magnetisation that is unaffected and just continues to
experience T2 decay. Parts are flipped to the longitudinal direction (upper dashed line)
and for the other parts the phase angle is inverted (bottom diagonal and dashed line). The
magnetisation with phase angle inversion and T2 decay rephases and forms a spin echo
at (2τ1). The parts that are flipped back to the longitudinal direction store the phase they
had in the transverse direction. The third pulse acts now on six different components
instead of one (first pulse) or two (second pulse) but the same branching rules can be
applied. From the third pulse four more echoes are generated. The last two at (τ1 + 2τ2)
and (2(τ1 +τ2)) are primary spin echoes like the first one. Since they are generated from just
two pulses (α1 +α2, α2 +α3 and α1 +α3). The second echo at (2τ2) is a secondary spin echo
since it comes from the magnetisation that already formed the first spin echo. The third
echo is called stimulated echo. It is generated from all three pulses but the magnetisation
experienced T1 decay to some extend.
For calculating the magnetisation components the net transverse magnetisation Mx +
iMy and the net longitudinal magnetisation Mz are split in their canonical circularly de-
phasing and rephasing components Fk, Fz .
Mx(Θ) + iMy(Θ) =
∞∑
k=−∞
Fke
ikΘ (2.25)
Mz(Θ) =
∞∑
k=−∞
Zke
ikΘ (2.26)
Θ stands for the dephasing angle of the magnetisation in a voxel. Since Mz is real-valued
the inversion of the magnetisation represented by its complex conjugate is equal to the
magnetisation before inversion Zk = Z∗−k. ForN = 1, 2, ..., n RF-pulses with arbitrary flip
(αn) and phase angle (ϕn) the coefficients can be calculated with the following formula.
The derivation can be found in [Scheffler, 1999]. FkF ∗−k
Zk

(n)
=
 E2 cos
( αn
2 ) E2e
2iϕn sin2(αn2 ) −E1ieiϕn sin(αn)
E2e
−2iϕn sin2(αn2 ) E2 cos
2(αn2 ) E1ie
−iϕn sin(αn)
−E2 i2e−iϕn sin(αn) E2 i2e−iϕn sin(αn) E1 cos(αn)

×
 Fk−1F ∗−k−1
Zk

(n−1)
+ (1− E1)M0δk,0
 −i sin(αn)i sin(αn)
cos(αn)
 (2.27)
Ei = exp(−TE/Ti) for i = T1, T2 describes the exponential decay due to T1 or T2 relax-
ation. TE is the echo time and δ is the Kronecker Delta.
2.10 Gradient Echo
Instead of applying an RF pulse to generate an echo it is possible to switch on an addi-
tional spatially dependent magnetic field usually perpendicular to ~B0, a so called gradi-
ent field. The gradient field leads to a faster dephasing of the transverse magnetisation
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and therefore to a faster decay of the FID. If the gradient is inverted after a time TE/2 a
gradient echo can be observed at TE. As local field inhomogeneities are not reverted the
amplitude of the gradient echo is determined by T2∗, cf. equation 2.24, and not by T2.
This is one of the main differences compared to the SE. Gradient echoes are often used
for fast imaging techniques.
It is possible to use gradient echoes as a CPMG-sequence (cf. section 2.8) . The number
of possible echoes that can be created is limited by T2∗ and by the speed of gradient
switching.
2.11 Crusher Gradients
As explained in section 2.9, the signal pathways can become quite complicated, including
secondary or stimulated echoes, if non ideal refocusing pulses deviating from 180◦ are
used. A crusher gradient is used as a correction gradient. It selects the desired pathway
by changing the phase of the undesired pathways.
Figure 2.6: a) Excitation and refocusing pulse without crusher. b) Signal generated from the pulse sequence
in a. c) Excitation pulse and refocusing pulse with crusher gradients. d) Signal generated from
the pulse train with crusher gradients. φL and φr are the phases produced from the left and right
crusher gradient.
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In literature crusher and spoiler gradients are often not distinguished. Both have in
common that they manipulate the phase coherence of the transverse magnetisation. But
while crusher gradients can rephase and dephase magnetisation for selecting a specific
pathway, the spoiler gradients only dephase and thereby nonselectively eliminate all un-
wanted transverse magnetisation.
Crusher gradients usually consist of two lobes applied directly before and after the
refocusing pulse. In some applications only one side of the crusher gradient pair is used.
It depends on the application, whether left and right crusher are of the same size, or
if a crusher train is constant. Crusher train means, all crusher pairs flanking the 180◦
pulses of a pulse train. A combination of spin echo and stimulated echo signal is usually
achieved by a constant train of crusher pairs. Selecting only the spin echo or stimulated
echo pathway can be done by a variable crusher train. Most often they are used in slice
selection direction. Normally the voxel size is largest in this direction and the strength of
signal dephasing is directly proportional to the voxel size in the direction of the crusher
gradient. A phase change of at least 4pi is suggested by [Hennig, 1988].
Figure 2.6 explains the basic idea of a crusher pair. θ1 is a 90◦ pulse producing an FID,
followed by θ2, an imperfect refocusing pulse of 150◦. The left crusher does not effect the
longitudinal magnetisation. However, the imperfect refocusing pulse flips parts of the
longitudinal magnetisation back to the transverse direction inducing a second FID. This
FID can be dephased by the right crusher if correct timing is considered. So far the left
crusher was not important but it is needed to compensate the effect of the right crusher on
the spin echo signal. If only the right crusher would be applied it would also dephase the
spin echo signal. By also applying the left crusher, the spin echo signal is first dephased
and then to the same amount rephased from the right crusher. In summary by applying
the crusher pair the spin echo signal is preserved while the FID signal is eliminated. Due
to diffusion attenuation effects of the crusher pair a reduction of the signal amplitude can
occur.
Further details can be found in the book of [Bernstein et al., 2004].
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Around forty years ago magnetic resonance imaging began to develop with the papers
of Lauterbur [Lauterbur, 1973] and Mansfield [Mansfield and Maudsley, 1977]. Their
basic idea was to change the Larmor frequency over the object by making the magnetic
field spatially dependent on gradients. In 2003, the significance of their work was finally
honoured with the Nobel price in medicine. Detailed descriptions of signal localization
and image reconstruction can be found in the books of Haacke et al. [Haacke et al., 1999]
and Bernstein et al. [Bernstein et al., 2004].
3.1 Signal Localization
So far the signal was obtained from all parts of the object. But to create images it is
important to know which part of the signal belongs to which position in space. A spatial
localization is needed. From equation 2.11 it is known that the resonance frequency is
linearly dependent on the external magnetic field. By superimposing the external field
with magnetic field gradients the local field and phase of an object can be changed. In
MRI gradients in x, y and z direction are used. The overall gradient strength is then given
by
G =
√
G2x +G
2
y +G
2
z, (3.1)
making the resonance frequency spatially dependent.
ω(~r) = γB(~r) = γ(B0 + ~rG(~r)) (3.2)
For 2D-imaging, three spatial encoding steps are usually needed: Slice Selection, Phase
Encoding and Frequency Encoding.
3.1.1 Slice Selection
Slice selection is often done in the z-direction and defines a slice orthogonal to this ori-
entation. A linear gradient is therefore turned on in z-direction while the RF-excitation-
pulse is applied. Since the static field is superimposed with the slice selection gradient
only the spins in a small area of the sample precess with the resonance frequency of the
excitation pulse. Under perfect conditions only a single resonance frequency would be
excited. But in reality spins with a resonance frequency in the range of ω0 ± ωRF /2 are
flipped, since the RF-pulse is not infinitesimal small. The slice thickness depends on the
width of the excitation pulse ∆ωRF and the gradient strength Gz .
∆z =
|ω(z1)− ω(z2)|
γGz
=
∆ωRF
γGz
(3.3)
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Alike to the gradient echoes (section 2.10) the spins are dephased faster by the slice
selection gradient, as they would dephase without a gradient. To rewind this effect the
slice selection gradient is kept on for the same time after the excitation pulse as it was
on during the excitation pulse. Depending on the flip angle of the excitation pulse, the
gradient might be inverted after the excitation.
There exist lots of different slice selective pulses depending on the desired slice shape.
In the small-angle approximation the pulse shape is the Fourier Transform of the slice
shape.
3.1.2 Phase Encoding
After a slice is selected a gradient is applied for a short time Tpe for example, in y-
direction. For the time 0 ≤ t ≤ Tpe the signal is frequency encoded and the spins ac-
cumulate different phase angles φ(y) according to their different positions.
φ(y) = −γGyyTpe (3.4)
φ(y) is linearly dependent on the location. After the application of the phase encoding
gradient the spins precess again with the same frequency but the phase difference is
maintained. The signal is therefore called phase-encoded. The signal can be expressed as
follows:
S(ty, Gy) = S(t)
∫
y
eiγ
∫ ty
0 Gy(τ)ydτdy (3.5)
With S(t) being the signal of the whole volume.
3.1.3 Frequency Encoding
Frequency encoding is done during the readout by applying a frequency encoding gra-
dient in the third direction, here the x-direction. Again the signal becomes linearly fre-
quency dependent.
With one frequency encoding step with a fixed phase encoding one line in Fourier space/
k-space (cf. section 3.3) can be obtained. To cover the whole k-space several frequency
encodings with different phase encoding are needed. The signal for one readout in the
time tx can be expressed analogue to equation 3.5
S(tx, Gx) = S(t)
∫
x
eiγ
∫ tx
0 Gx(τ)xdτdx. (3.6)
3.2 3D-Imaging
In 3D imaging the slice selection is replaced by another phase encoding step. In this case
the signal equation consists of three exponential functions and the Fourier transform has
to be applied in three dimensions.
S(t, Gx, Gy, Gz) =
∫
x,y,z
|Mx,y(~x, t0)|eiγ
∫ t
0 Gx(τ)xdτ · eiγ
∫ t
0 Gy(τ)ydτ · eiγ
∫ t
0 Gz(τ)zdτdxdydz.
(3.7)
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Compared to 2D imaging the integration time changes from the time for the single gradi-
ents tx, ty to the total time t. This is a more general description but when Gi(τ) = 0 with
i = x, y or z, the specific exponent does not contribute to the signal.
In 3D imaging the name conventions are a bit different compared to 2D imaging. The
reconstructed slices are called partitions and the z-encoding is called partition encoding.
The SNR increases for 3D imaging due to longer readout time while the signal is acquired.
Ignoring saturation and relaxation effects the SNR gain is
√
Nz , withNz being the number
of encoded partitions.
3.3 k-Space Formalism
For image reconstruction it is important to convert the signal from the frequency domain
to the image domain. The frequency domain, also called k-space is linked with the image
domain by Fourier transformation. The k-space is filled with complex values of the signal
from the transverse magnetisation. By introducing the wave numbers kx, ky, kz
kx = γ
∫ t
0
Gx(τ)dτ
ky = γ
∫ t
0
Gy(τ)dτ (3.8)
kz = γ
∫ t
0
Gz(τ)dτ
equation 3.7 evolves to:
S(kx, ky, kz) =
∫
x,y,z
|Mx,y(~x, t0)|eikxxeikyyeikzzdxdydz (3.9)
It can be interpreted as the signal for the transverse magnetisation in k-space. By Fourier
transformation it can be converted back to image space.
S˜(x, y, z) = 2pi
∫
kx,ky ,kz
S(kx, ky, kz)e
−ikxxe−ikyye−ikzzdkxdkydkz (3.10)
In a MR experiment discrete points in k-space are sampled. According to the sampling
theorem of Nyquist and Shannon a signal is only exactly reconstructible if the sampling
frequency is at least twice as large as the maximum signal frequency [Nyquist, 1928;
Shannon, 1949]. This means that the size of a certain field of view (FOV) in image space
is linked to the spacing of the sampled points in k-space in one dimension by
∆k ≤ 2pi
FOV
. (3.11)
For frequency encoding of Cartesian k-space sampling a constant gradient Gx is used.
During the duration ∆tx of Gx, Nx data points with a distance of ∆kx are sampled. The
sampling in phase encoding direction is done, by incremental changing of the gradient
amplitude ∆Gy. By applying frequency encoding in x- and phase encoding in y-direction
∆kx = γGx∆tx
∆ky = γ∆Gyty (3.12)
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Figure 3.1: Influence of k-space parts on the reconstructed image. Left: outer parts of k-space add finer
structures; middle: centre is samples determining the main contrast; right: whole k-space is
sampled
the following requirements for the imaging parameters are given:
∆t ≤ 2pi
γ|Gx|FOV
∆Gy ≤ 2pi
γTPEFOV
(3.13)
Usually the k-space has the same number of rows and columns as the final recon-
structed image. Filling of k-space can be done in lots of different ways. It can for ex-
ample, be done Cartesian or in a spiral trajectory. Independent of how k-space is filled,
the centre corresponds to the low frequencies determining the main signal-to-noise and
contrast of the image, while the outer parts of k-space containing the higher frequencies
add the finer details or higher resolution to the image. The resolution d of an image is
therefore given by the maximum frequency or maximum wave number.
d =
1
2pikmax
(3.14)
Figure 3.1 visualises how inner and outer parts of the k-space influence the image recon-
struction.
3.3.1 Partial Fourier Technique
Since the magnetisation is real valued there exists a symmetric relation in k-space.
S(−~k) = S∗(~k) (3.15)
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Here ∗ stands for the complex conjugate. The symmetry allows a full reconstruction of
the imaged data even with an undersampled k-space. The technique is known as Partial
Fourier Technique (PFT). Conventionally the centre of k-space is fully sampled but only
parts of the outer k-space. By using PFT the SNR is reduced [Vlaardingerbroek et al.,
2003].
SNRPFT =
1√
3− 2 · PFT (3.16)
PFT represents the part of k-space that is sampled.
3.4 Tissue Contrast
In MRI different contrasts can be used to display the tissue specific properties. Tissue
contrast depends on T1 and T2 of the specific tissue, the magnetic field strength, temper-
ature changes and many other factors. To produce a specific tissue contrast the choice of
the pulse sequence and the pulse sequence parameters repetition time (TR), TE, TI ,and
the flip angle is important. There are three main contrasts in MRI.
T1 weighted contrast: Short T1 relaxation times give high signal intensity. TR should
be smaller or equal to the tissue T1 times. A short TE is needed to eliminate the effect of
different T2 relaxation times. T1 weighted contrast is good for anatomical imaging.
T2 weighted contrast: High signal intensities display long tissue T2 times. To eliminate
the effect of the different T1 relaxation times, the chosen TR is much longer than the tissue
T1 times. This leads to a complete relaxation of the longitudinal magnetisation. TE is
longer or equal than the tissue T2 times. T2 weighted contrast is a sensitive method for
disease detection, because diseased states tend to change the tissue T2 times.
Spin density contrast: The image contrasts displays the difference in the spin density,
independent of the tissue T1 and T2 times. Therefore, a long TR and a short TE are
chosen. The spin density contrast is directly proportional to the number of protons in the
tissue.
3.5 Echo Planar Imaging - EPI
Echo planar imaging (EPI) is a very fast 2D imaging technique where the whole k-space
for one slice is filled in one shot after magnetisation preparation, while other imaging
techniques prepare magnetisation repeated before acquiring each k-space line. EPI is a
gradient echo technique proposed by Sir Peter Mansfield [1977]. He suggested sinusoidal
read and constant phase encoding gradients. Now, usually a series of gradient echoes
with bipolar switching readout gradients is used. In Figure 3.2 the pulse diagram and
the corresponding k-space trajectory of this kind of EPI sequence are shown. After the
RF-pulse dephasing gradients in x- and y-direction are applied to reach a corner in k-
space. From there the first line of k-space is acquired in positive x-direction. At the end
a short blip in negative y-direction moves the acquisition to the next k-space line, which
is now acquired with the second gradient echo in the opposite direction to the first one.
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The process is continued until the whole k-space is filled. The centre of k-space should
be acquired at the central gradient echo.
After the excitation pulse the transverse magnetisation decays with T2*.
Mx,y(t) = Mx,y(t0)e
− t
T2∗ (3.17)
Usable signal for image acquisition can be obtained from twice half-life time (2 · T2∗ ln 2)
of the transverse magnetisation, resulting in maximal acquisition times of around 100
ms for one slice in brain tissue (T2∗braintissue = 49 ms [Krüger et al., 2001]). This fact
also limits the number of sampled points in k-space and, together with the maximum
gradient amplitude (cf. equation 3.13), the resolution of the image. Each k-space line is
sampled at a different time and therefore, according to equation 3.17 each k-space line
has a different T2* weighting, leading to blurring in the phase encoding direction. With
decreasing T2* the effect becomes stronger. To reduce blurring the acquisition time must
be reduced to an extend where the T2* decay is irrelevant. This can be achieved with a
short echo train or a reduced inter echo spacing. Other known problems of EPI are the
high receiver bandwidth compared to other sequences, which reduces the SNR, or that
every other line in k-space is sampled in opposite direction and needs to be mirrored
in the image reconstruction. Due to small magnetic field inhomogeneities and gradient
switching effects the echoes of each line are not perfectly aligned to each other inducing
a phase factor in the frequency domain. After Fourier transform this often manifests as
so called N/2-ghosts and needs to be corrected.
The echo time TE is calculated from the RF-excitation until the centre of k-space is
acquired. Compared to other sequences it is quite long in EPI and leads to T2* weighted
Figure 3.2: Pulse diagram of an EPI sequence and k-space filling
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images if not combined with a spin echo as for example, done in the 3D-GRASE sequence
(cf. section 3.6). This can lead to distortions at tissue boundaries, because susceptibility
changes are induced resulting in intrinsic gradients, which again shorten the T2* signal.
To overcome this drawback only parts of k-space, so called segments, can be acquired in
one shot. For every segment the excitation needs to be repeated. TE is then the time from
RF-excitation until the central gradient echo is sampled.
3.6 3D-GRASE / Multi-TE 3D-GRASE
GRASE is a combination of gradient and spin echo, developed 1991 by Oshio et al. [Oshio
and Feinberg, 1991]. It was extended to a 3D-sequence in single shot by Günther et al.
[2005]. The main idea is that after the magnetisation preparation a spin echo train is
applied and one complete EPI readout is done in one spin echo. With every spin echo a
different k-space partition in z-direction is encoded. Hereby a centric reordered partition
encoding is used. The centre of k-space is acquired on the first spin echo. On the second
spin echo the first partition in positive z-direction is encoded, on the third spin echo the
first one in negative z-direction. With the fourth spin echo data for the second partition
in positive z-direction is sampled and so on. The centre of x,y k-space is acquired at
the maximum amplitude of the spin echo, ensuring that the lower frequencies, which
determine the contrast in the image are sampled at maximum signal intensity. The pulse
diagram of the 3D-GRASE sequence is shown in figure 3.3.
Figure 3.3: 3D-GRASE pulse diagram
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The standard 3D-GRASE sequence can easily be extended to a multi-TE sequence by
simply repeating the readout module to sample an additional contrast. With this it is
possible to sample the inflow curve of the labeled blood bolus at several echo times with
no penalty in terms of measurement time compared to the standard 3D-GRASE. The ob-
tained data sets at the different TE are called contrasts. The multi-TE approach is helpful
for T2 measurements, where the T2 decay of the signal can be imaged in one shot, in-
creasing the stability of the measurement [Kramme et al., 2010]. In figure 3.4 the pulse
scheme for multi-TE 3D-GRASE is shown.
The number of spin echoes produced following the excitation pulse is called echo train
length. TE in 3D-GRASE is calculated from the RF-excitation until the first spin echo.
Since the spin echoes are usually equally spaced the time between to spin echoes is called
echo time increment. To achieve smaller TEs segmentation is possible, as described for
EPI.
3.6.1 Turbo Factor
The turbo factor (TF) is a measure for the scan time acceleration. Thinking of a classical
spin echo sequence it describes how many echoes occur before a new excitation. In the
3D-GRASE readout it describes how many partitions are encoded before a new excita-
tion is done. In figure 3.5 the pulse diagrams for TF1 and TF2 are compared. Remember,
with every spin echo one partition can be encoded. For example, with TF1 (upper row)
partition 1 is encoded at six different contrasts. For TF2 (lower row) only three contrasts
Figure 3.4: multi-TE 3D-GRASE pulse diagram
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Figure 3.5: Pulse diagram of the 3D-GRASE sequence for turbo factor (TF)1 encoding six contrasts and TF2
encoding 3 contrasts.
are encoded since every second refocusing pulse is used to encode partition 2. To encode
partition 2 with TF1 the whole experiment needs to be repeated and therefore the mea-
surement time is doubled compared to TF2. The time saved, with TF2 compared to TF1,
could be used for an additional average to improve SNR. On the other hand the echo
time with TF2 is twice as long as with TF1. Therefore, for T2 measurements a trade-off
between turbo factor and echo time needs to be found. Another disadvantage is that blur-
ring is increased in the direction of partition encoding (usually z-direction) with higher
turbo factor, since the signal amplitude is decreasing with every encoded partition due to
T2 decay. It is the same effect as the blurring due to T2* decay in phase encoding direction
in EPI images.
If the refocusing pulses are smaller than 180◦, parts of the magnetisation are flipped
to the longitudinal direction and can for example, be refocused as stimulated echoes (cf.
section 2.9). The signal decay is then a mixture of T1 and T2. The advantage is that the
conserved signal in longitudinal direction increases the signal of later echoes and a longer
readout time becomes possible.
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Arterial spin labeling (ASL) is a non-invasive technique for quantitative cerebral blood
flow (CBF) measurements. The water molecules in the blood are used as an endoge-
nous perfusion contrast agent by selectively inverting the hydrogen spins of the water
molecules in inflowing blood.
The whole concept is based on the fact that the water molecules of the blood are mov-
ing while they are stationary in tissue. Traditionally, magnetisation is prepared by a 180◦
pulse inverting the spins of the water molecules proximal to the readout region [Williams
et al., 1992]. Alternatively, the spins are not inverted, but saturated [Detre et al., 1992].
After a time period TI, called inflow time, the readout is done and the labeled image with
the inverted hydrogen spins in the blood is obtained. Afterwards a control image with
the same parameters but without spin inversion is obtained. The subtraction of the la-
bel and control image cancels out the stationary tissue signal and yields the perfusion
weighted image. Depending on TI, it depicts the exchange of the labeled blood spins in
the capillaries with the brain tissue. The signal depends on flow, T1 of blood and tissue,
the time it takes labeled spins to reach the readout region, and many other factors. Due
to the fact that the vessels take up a small volume compared to the static tissue in hu-
man brain, typically up to 5% in grey matter, the perfusion weighted signal is only about
1% to 2% of the static tissue signal. Therefore, it is essential to avoid or compensate all
other factors causing signal changes like magnetisation transfer effects or random noise
as good as possible.
Depending on the ASL preparation and the region of the brain for example, large vessel
or small capillary, the time it takes the labeled hydrogen spins to reach the readout voxel
varies. This characteristic time is called bolus arrival time (BAT).
The non-invasiveness of ASL makes it very attractive for healthy volunteers or for peo-
ple needing a repetitive follow up. Especially for children or patients where the use of a
radioactive tracer or an exogenous contrast agent is restricted, ASL is a very good alter-
native. Other applications of ASL are vascular territory mapping, dynamic angiography,
functional ASL, perfusion quantification, or if existing perfusion modules are extended
to in cooperate T2, for permeability quantification.
4.1 Continuous, Pulsed and pseudo-Continuous ASL
A good review of continuous and pulsed ASL as well as perfusion quantification is given
by Petersen et al. [Petersen et al., 2006b].
In continuous arterial spin labeling (CASL) a small region (about 10 mm) is labeled for
several seconds. This way a bolus of large extend is created. Thus, the labeled blood
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establishes a steady-state in the tissue of interest. Hereby the blood spins in a specific
voxel have all experienced the same T1 decay independent of their arrival time. The
bolus length is defined by the duration of the preparation phase.
In pulsed arterial spin labeling (PASL) a broad slab (about 10 cm) is labeled with an
inversion pulse of a few millisecond duration [Edelman et al., 1994]. The bolus length is
defined by the range of the RF-coil or by the labeling slab (spatial labeling). Even though
the labeling efficiency is higher than in CASL the signal decays with T1 while travelling
from the artery to the capillary bed. This decreases the signal especially at longer inflow
times. Furthermore, in CASL a simpler model for the perfusion quantification is used.
An advantage of PASL over CASL is reduced RF-power deposition. In figure 4.1 inflow
curves for CASL and PASL are shown. Their labeling schemes are sketched in figure 4.2.
An intermediate method between CASL and PASL is pseudo-continuous ASL (pCASL)
presented by Garcia et al. [2005]. A train of short adiabatic inversion pulses is used to
simulate continuous labeling. The tagged bolus can be in the range of seconds with a
high labeling efficiency.
4.2 General Kinetic Model
Perfusion describes the blood delivery to the capillary bed. It provides important diag-
nostic information on pathological conditions like a stenosis or if a ischaemic organ is
viable or dead. Different physiological parameters like cerebral blood flow, volume of
Figure 4.1: Inflow curves for pulsed and continuous ASL. The labeled blood arrives at the BAT. For longer
TIs for CASL a steady state is reached while for PASL shows T1 decay.
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Figure 4.2: Labeling scheme for PASL and CASL. The labeling is represented in blue. For PASL it is a short
pulse applied to a broad region, while in CASL labeling is done for several seconds to a small
region. The readout is marked in red. In the small images of the head the position of labeling
and readout is marked, at the top for PASL and at the bottom for CASL.
the vessels, the time it takes a red blood cell to cross the vasculature or the velocity of the
blood flow characterise the perfusion. CBF is usually given in 100ml100g·min , which is more a
rate than a volume flux. This has historical reasons and provides no information of the
tissue mass per voxel. It is still handy since the CBF is measured in a voxel of arbitrary
volume.
Quantification of perfusion can be done with the general kinetic model proposed by
Buxton et al. [1998]. A short summary and error discussion of it is found in the paper
of Petersen et al. [2006a]. The model includes the delivery function also called arterial
input function c(t), the residue function r(t − τ), describing the washout of the labeled
spins from a voxel and the tissue response function m(t − τ), modeling the longitudinal
magnetisation relaxation effects at time t of spins that reached the tissue at time τ . The
signal from a voxel is given by the convolution of the delivery function with the tissue
response r(t) ·m(t).
∆M = 2 ·Ma,0 · f ·
∫ t
0
c(τ) · r(t− τ) ·m(t− τ)dτ (4.1)
Ma,0 is the equilibrium magnetisation in a blood filled arterial voxel and f is the perfusion
value. Two assumptions are usually made for the standard model in PASL experiments.
First, uniform plug flow of the bolus. Second, as soon as a water molecule arrives in a
voxel an immediate transfer from blood to tissue is assumed, referred to as fast exchange.
Considering T1 relaxation (R1 = 1/T1), the delivery starts at BAT and persists for the
duration of the bolus length (BL).
c(t) =

0, t < BAT
e−t·R1art , BAT ≤ t ≤ τd (τd = BAT +BL)
0, t ≥ τd
(4.2)
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R1art is the longitudinal relaxation rate of arterial blood. The wash out is modeled as
an exponential decay assuming a certain probability for the water molecule to leave the
voxel at time t.
r(t) = e−f ·t/λ (4.3)
λ is the blood tissue partition coefficient, meaning the amount of tissue per volume. A
typical value for grey matter is 0.9 [Herscovitch and Raichle, 1985].
The tissue response function simply describes longitudinal relaxation in a voxel, where
R1ex is the longitudinal relaxation rate of the extracellular space.
m(t) = e−t·R1ex (4.4)
Applying all this, equation 4.1 evolves to:
∆M(t) =

0, t < BAT
−2·Ma,0·f
δR e
−R1art·t(1− e−δR(t−BAT )), BAT ≤ t ≤ τd
−2·Ma,0·f
δR e
−R1art·τd(1− e−δR(t−BAT )) · e−R1app·(t−τd), t ≥ τd
(4.5)
R1app = R1tissue +
f
λ
apparent longitudinal relaxation rate
δR1 = R1art −R1app relaxation difference
Figure 4.3: Three different ASL inflow curves for two different perfusion values and BATs. The blue and red
curve have the same perfusion value but different BAT. The green curve has halve the perfusion
than the blue and red curve.
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In figure 4.3 three different inflow curves for different perfusion values and BATs are
shown. Since the tissue response function does not include multi compartment nor trans-
fer effects the described model is a typical single compartment model.
4.3 Magnetisation Transfer
Water protons bound to macromolecules have a much broader frequency range for ex-
citation than free water protons. Thus, an RF-pulse which is off-resonant to free wa-
ter protons might still excite protons bound to macromolecules. Bound and free water
molecules can exchange magnetisation by water diffusion or spin-spin interaction. Due
to this exchange the magnetisation of the free water protons is changed despite the off-
resonant of a pulse and with this the recorded signal. The effect is called magnetisation
transfer (MT).
In magnetic resonance MT-effects can be used to discover pathological changes in tis-
sue by estimating the bound water pool size and with this the amount of present macro
molecules.
But in ASL MT-effects are undesirable. If the inversion pulse is off-resonant MT-effects
can lead to magnetisation of stationary brain tissue in the readout slab. If the inversion
pulse is just used in the label image, the MT-effects are not equal in the label and control
image therefore, stationary tissue might not cancel out in the perfusion weighted image.
Therefore, it is very important to take care of MT-effects in ASL. In the next section 4.4
two labeling schemes are described for handling MT-effects.
4.4 Labeling Schemes STAR and FAIR
In the first PASL publication by Edelman et al. [1994] spins were inverted proximal in
the label image and distal in the control image. Because MT-effects can be assumed to
be symmetrical they cancel out in the resulting difference image. This method is known
as STAR (single targeting with alternating radio frequency). A limitation of STAR is that
it is only feasible for small readout regions. Thus a full coverage of the brain cannot be
acquired.
Another approach to handle MT-effects is FAIR (flow alternating inversion recovery)
published by Kim [1995] and Kwong et al. [1995]. FAIR uses a global inversion in the
label image and an inversion limited to the readout region in the control image. Since
the inversion is both times applied in the readout region the spins there are treated equal.
The advantage of FAIR is that it can be applied to a large readout region and 3D slab. Due
to this labeling configuration the label image is also referred to as non selective image (ns)
and the control image is called slice selective image (ss).
In figure 4.4 the labeling schemes for FAIR and STAR are shown.
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Figure 4.4: Top: STAR labeling scheme. Only a small readout region is possible, which is saturated right
after the labeling and control phase. Bottom: FAIR labeling schemes. Large readout regions
are possible.The right image shows all regions that are differently labeled in the label and control
phase.
4.5 Influence of Q2TIPS
If perfusion is quantified from one single TI, BAT variation can lead to significant differ-
ences of perfusion values. BAT can vary up to a second in the different brain regions.
The perfusion is underestimated at higher BAT. In figure 4.5 this is displayed. The curves
have the same perfusion value but different BATs. Thus, only if one single TI is taken
into account the perfusion cannot be determined correctly. But waiting until all vox-
els are completely filled with blood leads to low SNR. In PASL with Q2TIPS or QUIPSS
(quantitative imaging of perfusion using a single subtraction, second inversion) the in-
fluence of varying BAT cancels out [Wong et al., 1998b; Luh et al., 1999]. The idea is to
truncate the bolus length (BL) with saturation pulses in a way that no fresh labeled blood
is flowing into the readout region after t > BL. If TI − BL > BAT is chosen the effect
of varying BATs cancels out. The solid lines in figure 4.5 represent the signal with the
application of Q2TIPS, the dotted line represent the signal without. For TI > BAT +BL
perfusion quantification can be done independent of the BAT value.
In PASL the spatial and temporal bolus length is limited by the coil geometry, and
imperfect slice profiles, since a perfect inversion cannot be guaranteed far away from the
readout region. A truncation of the bolus with Q2TIPS ensures a defined shape in PASL
experiments. An additional advantage is that all signal from outside the readout slab is
saturated which avoids in folding artefacts.
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Figure 4.5: Influence of Q2TIPS on inflow curves with same perfusion but varying BAT in PASL experiments.
The solid lines represent the signal with the application of Q2TIPS, the dotted lines the signal
without. For TI −BL > BAT the effect of varying BATs cancels out.
4.6 Background Suppression Techniques
The signal difference of the label and control image is quite small. Extracting the blood
signal is challenging. Background suppression techniques that null the tissue signal at
readout but leaving the blood signal unchanged are therefore very useful.
The first one using multi inversion recovery for static tissue signal suppression was
Dixon et al. [1991]. If one inversion pulse is applied it is possible to null a compartment
with a given T1 value. By applying two inversion pulses two different T1 tissue types
can be nulled at readout.
The basic principle of background suppression is as follows: The magnetisation is sat-
urated by a saturation pulse, destroying any magnetisation in the imaging slice. But
right after that, the tissue signals begin to increase again. By applying the first inversion
pulse the tissue signals undergo a zero crossing. The timing of the first and second in-
version pulse must be optimized in a way that the second zero crossing takes place at the
same time for both T1 tissue times that should be suppressed. Figure 4.6 sketches that
schematically.
Ye et al. [2000] showed that multiple-inversion background suppression techniques
are very useful in ASL to suppress noise coming from interacquisition magnetic field
fluctuations and that the sensitivity of 3D-ASL acquisitions can be improved. As already
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said it would be optimal to null the tissue signal exactly at the time of readout. But in
practice a delay is introduced, meaning that the signal is calculated to be zero a little bit
before the readout. This is done to avoid negative magnetisation and correct for small off
resonance effects. It would be beneficial to have the same small amount of tissue signal
at all inflow times. For example, for a TI of 1800 ms and a delay of 100 ms, the signal is
calculated to be zero at 1700 ms. Because the inversion timing is in this sense optimized
for a given relaxation rate the relaxation coefficient (R1opt) has the subscript opt.
The ASL sequences later used in this work are optimized to maximally suppress tissue
T1 times of 700 ms and 1400 ms (white and grey matter) or 700 ms and 3500 ms (white
matter and cerebrospinal fluid (CSF)). The delay is in both cases 100 ms. Other tissue
T1 times will be partly suppressed depending on how close their T1 values are to the
optimized suppress tissue T1 times.
In the papers of Dixon et al. [1991] and Mani et al. [1997] the following equation for
deriving the inversion timing can be found:
Mz(T1) = 1 + (−1)n+1e−TI/T1 + 2
n∑
i=1
(−1)ie−τi/T1 (4.6)
Mz is the magnetisation in z or B0 direction, n is the number of inversion pulses, TI is
the inflow time and τi are the times from inversion until readout. By setting Mz equal to
zero for various T1 the resulting equations need to be solved for the τi.
Figure 4.6: Schematic visualization of the magnetisation curves for background suppression with two inver-
sion pulses for suppressing two different T1 tissue times
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For two inversion pulses and some special ratios of tissue relaxation times T1 analytical
solutions are possible. For a ratio of R1opt and 0.5 ·R1opt equation 4.6 becomes:
1− e−TI·R1opt − 2 · e−τ1·R1opt + 2e−τ2·R1opt = 0
1− e−TI·R1opt − 2 · e−τ1·R1opt/2 + 2e−τ2·R1opt/2 = 0 (4.7)
Solving for τi yields:
τ1 = − 2
R1opt
· ln(1
4
e−TI·R1opt/2 +
3
4
)
τ2 = − 2
R1opt
· ln(3
4
e−TI·R1opt/2 +
1
4
) (4.8)
Knowing that τi is the time from inversion until readout t1 = TI − τ1 and t2 = TI − τ2
can be calculated:
t1 = TI +
2
R1opt
· ln(3
4
e−TI·R1opt/2 +
1
4
)
t2 = TI +
2
R1opt
· ln(1
4
e−TI·R1opt/2 +
3
4
) (4.9)
For R1opt and R1opt/5 the inversion times are:
t1 =TI +
5
R1opt
· ln
(
+
1
4
− 1
4
E5+
1
4
√
2
√
13 + 12E5 + 14E52 + 12E53 + 13E54 − (E5− 1)2
)
t2 =TI +
5
R1opt
· ln
(
−1
4
+
1
4
E5+
1
4
√
2
√
13 + 12E5 + 14E52 + 12E53 + 13E54 − (E5− 1)2
)
with E5 = e−TI·R1opt/5 (4.10)
Usually 180◦ pulses are used for inversion. But other flip angles might also be optimized
for maximal signal suppression [Ogg et al., 1994].
Literature T1 times of grey and white matter, CSF and blood are found in table 4.1.
4.7 ASL Time Series
Although Q2TIPS (cf. section 4.5) can be used to correct the effect of varying BAT val-
ues in perfusion quantifications, it is still critical at very long BATs. In cerebro-vascular
diseases, where very long BATs can appear in effected areas, perfusion quantification is
often more accurate if a variety of images is taken at increasing TIs, instead of one single
TI. With the so called TI time series the temporal evolution of the signal can be sampled.
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T1 [ms] at 3T Wansapura
et al. (1999)
Clare and
Jezzard (2001)
Stanisz et al.
(2005)
Ethofer, T. et al.
(2003)
grey matter 1331 ∼ 1200 1820 1470
white matter 832 850 1084 1110
CSF 3700
T1 [ms] at 3T Lu et al. (2004) Greenman
et al. (2003)
Stanisz et al.
(2005)
blood 1526 1550 1932
Table 4.1: Literature T1 relaxation times for grey matter, white matter, CSF and blood.
The general kinetic model can then be fitted to the data for perfusion quantification. Fig-
ure 4.7 shows the perfusion weighted images of a ASL TI series. The voxel with short
BATs, mainly voxels with larger vessels, appear bright in the first images. With increas-
ing time the labeled blood becomes distributed more homogeneously as it is delivered to
the tissue via the capillaries.
4.8 Optimised FAIR PASL Pulse Scheme
ASL image acquisition can be done with an optimised FAIR PASL pulse scheme. It in-
cludes background suppression with post labeling saturation, and Q2TIPS. The labeling
is used in combination with a 3D-GRASE readout (cf. section 3.6), displayed in figure
4.8. The FAIR labeling scheme was described in section 4.4. Right after the inversion the
readout slab is saturated, destroying the complete prepared magnetisation in the slice
Figure 4.7: Difference images of an ASL TI series starting at TI=100ms to TI=2000ms, with an increment of
100ms.
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Figure 4.8: Optimised FAIR PASL pulse scheme including post labeling saturation, background suppression
and Q2TIPS
selective image and leaving prepared magnetisation only outside the readout slab in the
non selective case. The idea behind saturating the readout is, to obtain a tissue signal in
the same order of magnitude as the ASL signal. The background suppression pulses are
applied globally while the Q2TIPS saturate everything outside the readout region.
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5 Adaptive Averaging - Enhancing SNR and
Improving Perfusion plus Arrival Time
Quantification in Multi-TI Studies
A challenge in Arterial Spin Labeling experiments is low signal-to-noise ratio (SNR) and physi-
ological noise, especially at longer inflow times (TI). To guarantee sufficient SNR even at longer
TIs, a high number of image averages is necessary, leading to long scan times not acceptable in
clinical routine. In this chapter, a 3D-GRASE sequence is presented, which is capable of adaptive
averaging, allowing the acquisition of longer TIs more often than shorter ones. Due to this, scan
times can substantially be reduced by increasing the mean SNR of the difference image by a factor
of 1.5 and more compared to standard imaging where all TIs are imaged with an equal number of
averages. The increased SNR at longer TIs improves perfusion quantification especially at long
bolus arrival times.
5.1 Introduction
Latest approaches use optimal sampling schedule design techniques [Xie et al., 2008,
2010] to optimize the sampling scheme of ASL time series. However, only the sampling
scheme was optimized, but the inherent SNR of each time point was not taken into ac-
count.
In this chapter, a 3D-GRASE sequence is presented, which is capable of adaptive av-
eraging, allowing the acquisition of longer TIs more often than at shorter TIs. Recently,
preliminary results were presented [Kramme et al., 2011a]. Due to this, scan time can
be halved while still ensuring sufficient SNR at TIs above 2500 ms. The increase in SNR
at longer TIs also improves the stability of fitting the perfusion values with the General
Kinetic Model [Buxton et al., 1998], especially at bolus arrival times (BAT) above 600 ms.
Increased BATs accrue for example, in diseases like stenosis. So far, accurate measure-
ments of the perfusion require multiple repetitions in these cases. Thus, an increase in
SNR, and therefore of the quality of the approximation of perfusion, is of high interest.
The improvement of perfusion quantification is shown in simulated images as well as on
five healthy volunteers.
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5.2 Method
In ASL, the signal decays with blood T1 after labeling. To compensate this T1 decay and
obtain equal SNR at all TIs in a multi TI pulsed ASL experiment, an increased number of
averages would be necessary at longer TIs since the SNR improves with the square root
of the number of averages.
For normal perfusion and BAT values at TIs over 3000 ms, around ten averages would
be necessary at a single TI to compensate for the SNR loss due to T1 decay. A multi TI
experiment with a very high number of averages is not feasible in an adequate scan time.
To obtain a suitable solution that can be quickly calculated at the scanner and does not
increase the total scan time, a 3D-GRASE multi TI sequence which is capable of adaptive
averaging was implemented. With adaptive averaging longer TIs are acquired more often
than shorter once. Therefore, the total number of images obtained by the scanner are
distributed to the different inflow times in three different modes. The classical mode
in a multi TI experiment corresponds to the equal mode. Here, every TI is imaged equal
times, the number of repetitions is chosen in the user interface of the scanner. In the linear
mode the number of averages increases linearly with the inflow time, while it increases
quadratically for quadratic averaging. In figure 5.1, the idea of adaptive averaging is
displayed. A typical inflow curve is compared with the adaptive averaging scheme for
quadratic distribution by imaging ten TIs when three repetitions are chosen in the user
interface. As can be seen, TIs with low signal intensity are acquired more often than those
with higher signal intensity. The small signal intensity at short TIs like 250 ms is not
taken into account, since the signal increase and with it the SNR of the perfusion curve
is quite steep at short TIs once the blood signal arrived. Adaptive averaging focuses on
improving the SNR of longer TIs.
The exact distribution of the total number of images for linear and quadratic mode
works as follows: the total number of images measured by the scanner is calculated by
multiplying the number of repetitions in the user interface with the number of TIs. Then,
an internal algorithm distributes the total number of images linearly or quadratically to
the different TIs. M(nTI) is the number of images at a certain TI.maxAcq is the maximum
number of averages. TILength is the length of the TI series. nTI runs from 1 to TILength.
For linear averaging the distribution rounded to an integer is:
sum =
nTIlength∑
n0
nTI (5.1)
M(nTI) =
(maxAcq − TIlength) · nTI
sum
+ 1 (5.2)
For quadratic averaging the distribution rounded to an integer is:
quadsum =
nTIlength∑
n0
nTI · nTI (5.3)
M(nTI) =
(maxAcq − TIlength) · nTI · nTI
quadsum
+ 1 (5.4)
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Figure 5.1: Inflow curve compared with adaptive averaging scheme for quadratic distribution. TIs with low
signal intensity are acquired more often.
It is made sure that every TI is measured at least once and that the number of acquisitions
is equal to the sum of all averages. If these two values deviate, averages from the last TIs
are added or subtracted until they are equal. The advantage of the linear or quadratic
distribution is that the scan time is kept constant by improving the SNR at higher TIs.
5.2.1 Simulated Images
The simulated images were generated in MeVis Lab [Ritter et al., 2011] where they were
calculated according to the General Kinetic Model of Buxton et al.. The perfusion f was
varied from 20 to 100 ml/100g/min and BAT from 100 to 1500 ms for 52 different TIs
ranging from 0 to 2500 ms with a 50 ms spacing. For each combination, 28 independent
images were simulated for the adaptive averaging. Random Gaussian noise of was applied
to all images to achieve a relative SNR comparable to the images of the volunteer study.
All other parameters to generate the simulated images can be found in table 5.1. T1
apparent is defined as 1T1app =
1
T1tissue
+ fλ . λ is the blood tissue partition coefficient,
meaning the amount of tissue per volume. Its value is mainly determined by T1tissue
with a value of 1200 ms [Clare and Jezzard, 2001]. T2 of grey matter is 70 ms [Gelman
et al., 1999] and T1 of blood around 1600 ms [Noeske et al., 2000]. The value for M0 was
chosen in a way that the intensity values of the simulated images lie in the same range
as for the volunteer study. Based on a perfusion value of 40 ml/100 g/min and a BAT of
400 ms it was calculated how often every single TI had to be averaged to have equal SNR
at each TI. In this case, the inflow effect and T1 decay would be optimally compensated.
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T1 arterial 1600 ms BAT 100-1500 ms
T1 apparent 1200 ms Bolus length 900 ms
M0 0.017 TI 0-2500 ms
perfusion f 20-100 ml/100 g/min
Table 5.1: Parameters for generating the simulated images
For later analysis, averaging was done in five different ways. First, the SNR difference
due to T1 decay and inflowing of the tagged bolus was optimally compensated for all 52
TIs. In the other four approaches only ten TIs (250 - 2500 ms, 250 ms spacing, TIlength=
10, sum= 55 , quadsum= 385) were used. Once with optimal compensation of the T1 de-
cay, not considering the inflowing of the tagged bolus (1,1,1,1,1,1,2,3,6,14) and for the re-
maining three variations according to the scanner modes (equal mode (3,3,3,3,3,3,3,3,3,3),
linear mode (1,2,2,2,3,3,4,4,4,5) and quadratic mode (1,1,1,2,2,3,4,4,5,7). For the variations
according to the scanner modes, always thirty acquisitions (maxacq= 30) are distributed
to the different TIs while for the optimal T1 decay compensation more acquisitions are
needed. To have a statistically relevant sample size the whole procedure was repeated
100 times on independently calculated data sets.
Fitting of perfusion and BAT was done with the fitting routines of MPFIT [Markwardt,
2009]. The fixed parameters were kept the same given in table 5.1. Sigma for every
TI changed due to the different number of averages for every TI and is included in the
calculation of the fitting results. Errors on the single parameters were also obtained. The
results were analysed by comparing the mean fitted perfusion and BAT values of the 100
independent data sets to their nominal values and by evaluating the mean relative error
of the perfusion values at the different BATs.
5.2.2 Volunteer study
Five healthy volunteers participated in the study (4 male, 1 female, age: 27-39 years). For
the study written informed consent was obtained from all volunteers.
The volunteer study was performed on a 3T scanner (Siemens Magnetom Verio) with a
20 channel head coil. An optimized FAIR PASL pulse scheme including post labeling sat-
uration, background suppression (for T1 of 700 ms and 3500 ms) and Q2TIPS was used in
combination with a 3D-GRASE readout [Günther et al., 2005] with a spatial resolution of
3.5 mm x 3.5 mm x 3.5 mm. Eight partitions were obtained, orientated around the corpus
callosum. Partial Fourier of 6/8 and a turbo factor of 6 were used. TE was 42.14 ms and
TR 2800 ms. The maximal bolus length is set to 1400 ms. TIs starting at 250 ms to 2500
ms with 250 ms spacing were obtained fourteen times. The adaptively averaged images
were later calculated offline out of these fourteen measurements to have a comparison of
the three different averaging modes on the same data. A registration of the single mea-
surements was not performed. The number of averages for the three different adaptive
modes was the same as for the phantom images. The difference method for SNR cal-
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culation needs two independent data sets [Dietrich et al., 2007]. Therefore, a maximum
of fourteen acquisitions was made instead of seven. Seven is the maximum number of
averages needed for the longest TI in quadratic mode. Thus, for the perfusion fitting and
the SNR calculation via the two region method two independent datasets could be eval-
uated for each volunteer, giving ten independent data sets in total. T1 weighted images
were obtained with a T1 weighted gradient echo sequence to generate masks for grey
and white matter segmentation.
SNR calculation for every averaging mode was done with the difference method and
with the two region method on the perfusion weighted data, both for grey and white
matter. All voxels indicated as grey or white matter from the T1 weighted images were
included in the SNR calculation. A more detailed description of the two SNR methods is
found in the paper of Dietrich et al. [2007].
The difference method needs two acquisitions (k1, k2) and calculates the SNR as the
quotient of the mean value of the sum of the two acquisitions and the standard deviation
of the subtraction divided by factor
√
2.
SNRdiff (k1, k2) =
mean(S(k1) + S(k2))√
2 · stddev(S(k1)− S(k2))
(5.5)
It is important to choose a region with sufficient signal and not the image background.
SNR was calculated once for grey and once for the white matter.
The second approach to determine SNR is the two region method, where the signal
(grey or white matter region) is divided by the standard deviation of the noise (image
background).
Both methods were applied in order to compare them among each other. According
to Dietrich et al. [2007], the standard of reference for determining SNR is calculated out
of multiple measurements. They showed that the difference method is accrued enough
to be a standard of reference when it is not possible to acquire multiple images. Never-
theless, two independent datasets are needed. The two region method will, according to
Dietrich et al., often not agree with the true SNR measured. Its only advantage is that it is
much easier to apply. To make sure that the two region method can be used further with
equal results, both methods were applied. The theoretical improvement of
√
2 with each
average is compared to the results of the two methods.
To determine the perfusion value and BAT, the same fitting routine as for the simu-
lated images was applied on a voxel wise basis. The fixed parameters of the fit were
chosen corresponding to the simulated image study, displayed in table 5.1. To quantify
perfusion, the value for the longitudinal equilibrium blood magnetisation M0 needs to
be known. Under the assumption that the sample contains at least one voxel completely
filled with artery blood, M0 can be calculated. The difference images were corrected for
the T1 relaxation of blood (T1blood= 1600ms). Then, an algorithm searched for the voxel
with maximum signal intensity. Outer slices were excluded to avoid infolding artefacts
and TIs smaller than 250 ms and higher than 1500 ms were excluded as well. The small
ones were eliminated because the background suppression is not applied at these small
57
5 Adaptive Averaging
TIs and the higher ones to avoid noise artefacts. M0 was calculated using the determined
maximum value.
The initial error on every TI after adaptive averaging was calculated via the back-
ground noise, then compared to the theoretical improvement and was regarded in the
fit. To exclude background, the grey and white matter mask was applied on the fitted
data. A threshold of 10 was used for the fitting. The results were analysed by comparing
the relative error of the perfusion values for different BATs. The allowed range for the
BAT fit was 1 to 1500 ms. The perfusion values and their errors (from 20 to 110 ml/100
g/min in steps of 10 ml/100 g/min for BAT values from 1 to 1500 ms in 100 ms steps)
were determined for the three different adaptive averaging modes. The results were
compared to the simulated images.
5.3 Results
5.3.1 Simulated Images
The simulation shows that independent of the simulated perfusion values, for initial BAT
values up to 1000 ms the fitted BAT values are only slightly smaller than the initial ones.
For initial BAT values above 1000 ms the underestimation becomes stronger and depends
much more on the averaging mode. In general, the standard deviation of the fitted BAT
values for the hundred repetitions increases with increasing BAT. This can be seen in
table 5.2, the standard deviations of the different modes are separately plotted in figure
5.2.
Figure 5.2: Reproducibility of Bolus arrival time: Standard deviation of the BAT values for perfusion values
above 40 ml/100 g/min depending on the averaging mode. The values are also found in table 5.2
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Nominal
BAT value
[ms]
52 TI fitted and
fully compen-
sated for T1
decay [ms]
10 TI; equal
mode [ms]
10 TI; linear
mode [ms]
10 TI; quadratic
mode [ms]
200 199.89 ± 0.65 203.83 ± 1.74 200.07 ± 3.46 204.16 ± 3.84
500 500.33 ± 1.04 499.83 ± 3.81 501.80 ± 5.22 500.23 ± 4.80
800 801.05 ± 1.84 798.18 ± 6.16 798.23 ± 4.65 796.83 ± 6.33
1100 1096.33 ± 6.24 1096.23 ± 4.43 1096.89 ±4.47 1095.20 ± 3.65
1500 1493.29 ± 9.84 1458.41 ± 52.72 1484.71 ± 25.75 1492.20 ± 12.85
Table 5.2: Reproducibility of Bolus arrival time: Mean BAT values with their standard deviation for perfusion
values above 40 ml/100 g/min depending on the averaging mode.
For every BAT, the mean BAT value of the BAT values for different perfusion val-
ues is calculated. For longer BATs in combination with perfusion values of under 40
ml/100g/min the fitted BAT value is often clearly smaller than its initial value. If the
mean BAT is only calculated for BAT values with perfusion values above 40 ml/100g/
min, the standard deviation of the mean BAT value is significantly reduced, as if the fitted
BAT values with perfusion values below 40ml/100g/min are included as well. For this
mean BAT, the best results are retrieved by applying the fit to all 52 TIs, but even then,
BATs above 1000 ms are up to 50 ms smaller than the initial value, with a standard devi-
ation of 100 ms. Comparing the different averaging modes for the ten TIs, the standard
deviation for the mean BAT of the three different modes becomes equal at a BAT of 800
ms. Below this, the equal mode has the smallest mean BAT standard deviation. Above a
BAT of 800 ms, the standard deviation of the quadratic mode clearly becomes smallest.
Already at a BAT of 600 ms, the linear mode has a smaller mean BAT standard deviation
than the equal mode, but for the quadratic mode the standard deviation is even smaller
from 800 ms upward. Table 5.2 gives an overview of the fitted mean BAT values and
their standard deviation for perfusion values above 40 ml/100g/min depending on the
averaging mode.
The perfusion value was very precisely calculated from the fit, all values set by the
simulated images were retrieved independent of the averaging mode. The standard de-
viation of the fitted values was below 2 over all perfusion values, which means the rel-
ative error of the single values can be higher. Independent of the averaging mode, the
relative error of the perfusion was rising with increasing BAT and decreasing with higher
perfusion values. If the SNR reduction, caused by T1 decay and inflowing of the blood,
was fully compensated with multiple averaging, the increase of the relative error with
rising BAT was small when fitting all 52 TIs. Comparing equal, linear and quadratic
mode for the TIs, the relative error of the perfusion was marginally smaller for the equal
mode of BATs up to 200 ms. Already from 300 ms upward, linear and quadratic mode
had a smaller relative error. Between the last two modes, a clear difference was seen for
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BATs of 800 ms and higher. For perfusion values of 40 ml/100 g/min, the relative er-
ror in quadratic mode was below 25% decreasing to less than 10% for a perfusion of 100
ml/100 g/min, even with BATs of 1500 ms. For BATs up to 1000 ms, the relative error for
quadratic mode was already under 10% for a perfusion above 50 ml/100 g/min.
5.3.2 Volunteer study
SNR was calculated for grey and white matter separately, once with the difference method
and once with the two region method for the three different averaging modes. The results
for each volunteer were normalized by setting the SNR of the equal mode as hundred
percent. Results are plotted in figure 5.3 and 5.4. The theoretical SNR, improving by
√
n
for n averages, is plotted as well. Three averages were hereby set as hundred percent.
Alike to the simulated images, the relative error of the perfusion rises with increasing
BAT and decreases with higher perfusion values. For BATs smaller than 300 ms, equal
averaging has the smallest relative error. The relative error does not differ much between
the averaging modes for BATs of 300 to 500 ms. For those longer than 500 ms, the relative
error first for linear and then for quadratic averaging becomes clearly smaller. For BATs
below 1000 ms, the relative error of perfusion is under 20% for perfusion of 30 ml/100
g/min and above, falling to under 10% for perfusion values above 60 ml/100 g/min with
Figure 5.3: SNR for grey and white matter for linear mode compared to theory. Equal mode was taken as
reference (100%).
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quadratic averaging. The difference of the relative error between equal and quadratic
mode can be up to 10%. No difference was found between grey and white matter, except
from the amount of voxels with certain perfusion values, which is expected since the
average perfusion is different in grey and white matter. In figure 5.5, the relative error
for the three different modes at different BATs is plotted for a perfusion of 50-60 ml/100
g/min.
When comparing the results from the volunteer study with the results from the simu-
lated images, almost equal relative errors are found for the different perfusion values at
the varying BATs. The simulated images have slightly smaller relative errors for BATs up
to 1000 ms. For longer BATs, the relative error becomes mainly equal between volunteer
study and the simulated images.
5.4 Discussion and Conclusion
The simulated images showed that the perfusion values clearly influence the quality of
the BAT fit result. For small perfusion values it is important to keep in mind that the BAT
is most likely underestimated.
Figure 5.4: SNR for grey and white matter for quadratic mode compared to theory. Equal mode was taken
as reference (100%).
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In general, the relative error of the perfusion decreases with higher perfusion values
but increases with rising BAT. For perfusion above 40 ml/100 g/min, they are below 20%
for quadratic averaging at all BATs.
As can be seen in figure 5.3 and 5.4, the mean normalized SNR of all volunteers at
the different TIs for both SNR calculating methods is in very good accordance with the
theoretical improvement of
√
n for n averages. Only at TI 250 ms the white matter values
are a little bit smaller than the theoretical value. This might be due to the fact that the
bolus has not arrived in all voxels at this short TI. No difference was found between the
accuracy of the difference and the two region method.
The work shows that adaptive averaging clearly improves SNR at long TIs to an extent
expected by theory. The shorter TIs lose a bit of SNR in linear and quadratic mode but due
to a high signal at these TIs it is negligible for the quality of perfusion fitting compared
to equal averaging. In contrast to that, the relative error is reduced when using quadratic
averaging compared to equal averaging, becoming even more significant at longer BATs.
The advantage is that the scan time is not increased by linear or quadratic averaging com-
pared to equal averaging. For the sequence run in the volunteer study, the scan time by
directly using the adaptive averaging would be below three minutes by obtaining 8 par-
titions and below 6 minutes by obtaining 24 partitions. The effect of quadratic averaging
becomes even more important when the multi TI experiment is extended to TIs above
3000 ms.
Figure 5.5: Relative error of the perfusion from 50-60 ml/100 g/min at different BATs for the three different
averaging modes.
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Further improvements, especially in the white matter region, would be an advantage
as well as the reduction of physiological noise which leads to slightly different results at
every scan. Therefore, integrating the SNR of single TI points into a real time adaption as
shown for the sampling [Xie et al., 2010] would be beneficial. One could also think of a
real time adaptive averaging scheme where a certain time point is imaged as often until
a certain SNR is reached.
Another aspect is that recently, perfusion experiments were extended to include T2
measurements of the difference signal [Gregori et al., 2009; Wells et al., 2009; Thomas
et al., 2001], where the acquisition of data at different echo times is needed to sample the
signal decay and different TIs are of interest. Usually, this leads to rather long scan times.
Applying adaptive averaging to these measurements would also improve the SNR of the
different echoes and with this the accuracy of the T2 measurement.
In summary, quantification of perfusion measurements, especially at longer BATs, ben-
efit from adaptive averaging and so could T2 measurements. The method is relatively
straightforward to implement and does not increase the total scan time. This makes it a
method which should be applied in every day routine of multi TI ASL experiments.
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6 Avoiding the Effect of Stimulated Echoes -
Optimal Choice of Crusher Gradients and
Fitting Parameters for T2 Calculations
In the following chapter, optimization of T2 measurements based on a 3D-GRASE readout se-
quence is presented, by optimal choice of crusher gradients and fitting parameters. Simulations
of signal amplitude were performed using the extended phase graph concept, which was imple-
mented considering crusher gradient effects. The 3D-GRASE sequence was extended to allow
different types of crusher gradients. Phantom- and in-vivo data from healthy normal controls
were acquired on a clinical 3T scanner (Verio, Siemens). T2 values were calculated using different
fitting approaches and sequence settings.
6.1 Introduction
In multi spin echo experiments (cf. CPMG-Pulse Sequence, section 2.8), the calculated T2
value strongly depends on the refocusing flip angle and with this on the intensity of stim-
ulated echoes. In this work, it was tried to minimise the influence of stimulated echoes
on the fitting results by the right choice of crusher gradients and fitting parameters.
Stimulated echoes occur if after excitation more than two refocusing pulses are applied,
which are not all perfectly 180◦. In a three pulse experiment, the stimulated echo is gener-
ated at a time delay after the third pulse equal to the interval between the first and second
pulse. The intensity of the stimulated echo is determined by the flip angle, the presence
of magnetic field gradients, T1 and T2 relaxation time, since the magnetisation is stored
as longitudinal magnetisation between the second and third RF-pulse. Depending on the
timing of the pulses and the longitudinal and transverse relaxation rates, magnetisation
can be regained at later echoes, generating a higher signal as in a classical spin echo ex-
periment. The extended phase graph (section 2.9) visualizes and explains the generation
of echoes.
Stimulated echoes are used in a variety of MR applications. A good review explaining
the generation and some application is from Burstein [1996].
For ASL T2 measurements, the stimulated echoes are undesirable because they compli-
cate the exact T2 calculation. Regaining magnetisation at later echoes that partly experi-
enced T1 decay, alters the exponential decay. Usually, for long echo times, the signal will
decay slower compared to pure T2 decay. Since the T2 value is calculated from the in-
verse of the decay constant, it will be overestimated. An underestimation is also possible
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if only short echo times or early echoes are used for the T2 calculation. Signal intensity is
then decreased, because not all magnetisation is refocused at readout. It is therefore very
important to carefully design a experiment for measuring T2 relaxation times.
Reducing the effect of stimulated echoes can be done in different ways. In phantom
experiments, the effect can be calculated compared to a gold standard spin echo ex-
periment. Out of this, correction functions are computed and applied to in-vivo data
[Kramme et al., 2011b]. The disadvantage is that calibration depends on the samples T1
and T2 times, the refocusing flip angle and possibly also on the scanner.
A more independent approach is the use of crusher gradients, explained in section 2.11.
Their usefulness to spoil unwanted stimulated echoes has already been shown in many
publications, like Poon and Henkelman [1992], Hennig [1988] and Günther and Feinberg
[2005]. The extended phase graph theory allows to simulate the magnitude of the mag-
netisation at a given echo time. The effect of crusher gradients can be considered within
the simulation. Here, the simulated results are compared to phantom experiments. Later
on, the knowledge of both is applied to in-vivo data.
6.2 Method
6.2.1 T2 Simulation with the Extended Phase Graph Theory
The extended phase graph theory calculates the magnetisation at times, when echoes are
generated, explained in section 2.9. It is a recursive calculation and the sum of the differ-
ent echo pathways is calculated. The amount of magnetisation from the single pathways
is not stored. Therefore, this approach is only possible in case of equally sized crusher
gradients for the whole echo train.
If varying crushers are applied for example, to select just the spin echo pathway, every
single pathway needs to be calculated separately. This is important, because the single
pathways are differently effected by the crushers. Transversal magnetisation is effected
by crusher gradients, while longitudinal magnetisation is unaffected. In case of an alter-
nating crusher train which for example, switches between inducing a phase change of 4pi
and 8pi, the pathway of the first stimulated echo is crushed but the pathway for the sec-
ond stimulated echo is rephased. This is visualized in figure 6.1. The spin echo pathway
is marked in blue, the stimulated echo pathway that is rephased is marked in red, and
the stimulated echo pathway that is crushed is marked in green. The numbers indicate
the phase shifting effect of the crusher gradients on the magnetisation right before and
after the refocusing pulse. If the effect sums up to zero, an echo can be generated. For
the generation of the second spin echo the stimulated pathway was effected by unequal
sized crushers and is therefore not rephased (green line). With every refocusing pulse
the number of pathways increases. It is important to memorise the effect of the crusher
gradients on every single pathway to decide whether it contributes to the generation of
an echo.
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A single pathway simulation was implemented with Python within MeVis Lab [Ritter
et al., 2011]. Input parameters are T1, T2, the initial magnetisation M0 at t = 0, TE, the
number of fitted echoes, the flip angle of the excitation pulse and the refocusing pulses.
It can be chosen if all refocusing pulses have the same flip angle, or if the first one should
be 180◦ independent of the refocusing flip angle of the following pulses. The values for
the single variables used in the simulation can be found in table 6.1. A constant crusher
train, an alternating crusher train and a linearly increasing crusher train can be used for
the simulation. The branching rules for the longitudinal and transverse components of
the single pathways when a RF-pulse is applied are depicted in figure 6.2. An exponential
fit is done on the simulated data to calculate the apparent T2 value. In the simulation,
Figure 6.1: Extended phase graph for an alternating pair of crusher gradients. The spin echo pathway is
marked in blue, the stimulated echo pathway that is rephased is marked in red, and the stimulated
echo pathway that is crushed is marked in green. The numbers indicate the phase shifting effect
of the crusher gradients on the magnetisation right before and after the refocusing pulse.
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Figure 6.2: Branching rules for the longitudinal and transverse component when an RF-pulse is applied. The
longitudinal component splits in two and the transverse component in four branches.
the initial magnetisation at t = 0 is returned as first value. Consecutively, the algorithm
yields magnetisation values at t = TE, 2 · TE, 3 · TE... based on the applied refocusing
flip angle. It has to be kept in mind that in a scanner experiment the initial magnetisation
is not known. Three different fits are done. First, on all simulated echoes including the
initial magnetisation, second on all except the initial magnetisation and third on all except
the initial magnetisation and the first echo. Omitting the initial magnetisation was done
to have a better comparison to fitted scanner data, where only values at t = TE, 2 · TE
etc. are available. By evaluating the phantom T2 study, good apparent T2 fitting results
were obtained by excluding the first echo time from the fit (cf. section 6.3.2). That is why
in a third approach the initial magnetisation and the first echo of the simulation are not
fitted.
6.2.2 Phantom T2 study
For the phantom study, six samples consisting of varying concentrations of both, agarose
gel and copper sulphate, with therefore different T1 and T2 relaxation times were used.
The phantoms are described in the paper of Rauschenberg et al. [2011]. All sample mea-
surements were performed on a 3T scanner (Siemens Magnetom Verio) with a vendor-
T1 [ms] 100, 300, 500, 700, 900 excitation pulse [◦] 90
T2 [ms] 30, 50, 70, 90, 110 refocusing pulse [◦] 180, 150, 120 ,90
M0 10 (as well with the first
TE [ms] 28, 84 refocusing pulse fixed
crusher train constant , alternating, to 180◦ and the follow-
linear increasing ing pulses adjusted to
number of fit-
ted echoes
9, last 8, last 7 150◦, 120◦ and 90◦)
Table 6.1: Variables and their values used in the extended phase graph simulation.
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provided 20 channel head coil. Different sequences were run out of which T1 and T2
could be calculated. Figure 6.3 shows one sample and the arrangement of the samples in
the scanner.
T1 Measurement:
For T1 calculation, the samples were imaged with a single spin echo sequence repeated
at varying TR (300 ms, 900 ms, 1200 ms, 1500 ms, 1800 ms, 2600 ms, 3200 ms, 3800 ms,
4400 ms, 5000 ms, 5600 ms, 6200 ms, 7100 ms) and a TE of 12 ms. The spatial resolution
was 5.8 x 3.0 x 6.0 mm. Three slices and one average were obtained.
In a second measurement a saturation recovery experiment was done using the 3D-
GRASE imaging sequence (cf. section 4.8). The background suppression pulses as well
as the Q2TIPS were set to zero. TI was varied from 100 ms to 3000 ms with 100 ms in-
crement. A TR of 3500 ms, TE of 27.64 ms and a spatial resolution of 6.0 x 6.0 x 6.0 mm
was utilized. Eight partitions were obtained. Partial Fourier of 6/8 and a turbo factor of
1 were used.
The function for T1 decay (Mz(t) = Mo(1−e−tT1 )) was fitted to the data for both imaging
sequences on a voxel wise basis with the fitting routines of MPFIT [Markwardt, 2009] in
MeVis Lab.
T2 Measurement
The gold standard for T2 measurements is a single spin echo sequence with a flip angle
of 180◦ repeated at different echo times, here ten different TE (13 ms, 26 ms, 39 ms, 52
ms, 65 ms, 91 ms 117 ms, 160 ms, 200 ms, 250 ms). TR was set to 5000 ms. The spatial
resolution was 5.8 x 3.0 x 6.0 mm. Three slices and one average were obtained.
Figure 6.3: Left: One agarose gel copper sulphate sample of the phantom study. Right: Arrangement of the
samples in the scanner.
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To evaluate the goodness of the ASL sequence for T2 measurements, the sequence was
applied to phantoms to be able to compare the results from the non selective and slice
selective images to in-vivo data. Therefore, an optimized FAIR PASL pulse scheme (see
section 4.8) including post labeling saturation, background suppression (for T1 of 700 ms
and 1400 ms) and Q2TIPS was used in combination with a multi TE 3D-GRASE readout
with centrically reordered partition encoding. The samples were imaged at a TI of 1500
ms and eight echoes were obtained in one shot. The echo time varied slightly depending
on the used crusher gradients and is therefore listed later. Eight partitions were encoded
by using Partial Fourier of 6/8, two averages and a turbo factor of 1. The maximal bolus
length was set to 1400 ms.
The measurement was repeated with varying flip angles for the refocusing pulses. Values
of the refocusing pulses were 180◦, 150◦, 120◦ and 90◦. In a second measurement the first
refocusing pulse of an echo train was always kept at 180◦ and only the following are
adjusted to the reduced flip angle. This measurement was done for reduced flip angles
of 150◦, 120◦ and 90◦.
Furthermore, three different types of crusher gradients (cf. section 2.11) framing the
refocusing pulses were used. Crushers of constant size independent of the number of
refocusing pulses were used to just spoil the FIDs. Crusher of alternating size inducing
a phase shift of 4pi or 8pi were used to spoil every second undesired stimulated echo
pathway. Increasing crushers, always causing a phase shift of plus 4pi compared to the
former crusher pair, are used for a theoretically perfect spoiling of all echo pathways
generating stimulated echoes and echoes coming from pathways of k > 1 in the extended
phase graph theory (section 2.9). All combinations of the three crusher gradients with the
four flip angles were measured.
Since the application of increasing crushers needs more time than applying equal sized
crushers, the minimum TE would increase in the first case, when all other parameters of
the sequence are kept constant. By adjusting the receiver bandwidth (BW) accordingly,
TE can be kept almost equal for the three different crusher modes. The echo times and
bandwidths for the different crusher variations are: equal sized crushers: TE 28.02 ms,
BW 2003 Hz/Px; alternating crushers: 27.60 ms, 2232 Hz/Px and increasing crushers:
27.92 ms, 4340 Hz/Px. The increment of the echo time is always alike to the echo time.
The spatial resolution of the sequence was 6.0 x 6.0 x 6.0 mm.
For T2 calculation out of the spin echo and ASL sequence, a voxel wise exponential fit
(Mx,y(t) = Mx,y(t0)e
− t
T2 ) was done with the fitting routines of MPFIT in MeVis Lab. In
the first part of the evaluation, all eight echoes were included to the fit. In a second fit, the
first echo is excluded. By selecting a region-of-interest (ROI), the mean T2 value of every
sample with its standard deviation was obtained. For the ASL data the non selective and
slice selective images were analysed.
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6.2.3 In-vivo T2 study
Five healthy volunteers participated in the study (4 male, 1 female, age: 26-36 years). For
the study written informed consent was obtained from all volunteers.
The volunteer study was performed on a 3T scanner (Siemens Magnetom Verio) with
a vendor provided 20 channel head coil. An optimized FAIR PASL pulse scheme includ-
ing post labeling saturation, background suppression (for T1 of 700 ms and 1400 ms) and
Q2TIPS was used in combination with a 3D-GRASE readout [Günther et al., 2005] with a
spatial resolution of 6.0 x 6.0 x 6.0 mm. TI was 1500 ms and eight echoes were obtained.
Alike to the phantom study, the three crusher variations at four different flip angles of
180◦, 150◦, 120◦ and 90◦ were imaged. The measurements were repeated twice with dif-
ferent variants, one time by keeping the first refocusing pulse of an echo train at 180◦,
and one time by setting the first one also to the reduced flip angle. The other imaging
parameters, including echo times and bandwidth depending on the crusher pairs, were
the same as in the phantom study: equal sized crushers: TE 28.02 ms, BW 2003 Hz/Px; al-
ternating crushers: 27.60 ms, 2232 Hz/Px and increasing crushers: 27.92 ms, 4340 Hz/Px.
The increment of the echo time is always alike to the echo time. Eight partitions were en-
coded by using Partial Fourier of 6/8, two averages and a turbo factor of 1. The maximal
bolus length was set to 1400 ms.
Additionally, a T1 weighted gradient echo sequence with a spatial resolution of 0.9 x
0.9 x 3.0 mm was obtained to generate masks for grey and white matter. Segmentation
of grey and white matter was done in MeVis Lab. A voxel was assigned to grey or white
matter if the probability for the particular case was 50% or higher.
On the masked non selective, slice selective and perfusion weighted images a voxel
wise exponential fit was applied with the fitting routines of MPFIT in MeVis Lab. All
eight echoes were used by fitting the images obtained with alternating or increasing
crusher gradients. The first echo was excluded from fitting for the data imaged with
equal crusher gradients. This fitting approach was chosen according to the results of the
simulation and phantom study that revalealed that the reproducibility of the T2 values
is much better when excluding the first spin echo. T2 maps were calculated and saved
together with relative fitting error maps.
For further analysis, the mean T2 with its standard deviation was calculated for grey
and white matter, for all flip angles and crusher gradient combinations on the non se-
lective, slice selective and perfusion weighted images. Only T2 values between 10 ms
and 240 ms and with a relative error below 20% were considered. For white matter, the
signal was very low in the perfusion weighted images and might in several regions be
confounded with partial volume effects of grey matter. Therefore, a ROI was placed in a
clear white matter region, and the T2 fit was done on the ROI average.
To compare the T2 fluctuations among the crusher modes and within one crusher mode
at different flip angles, the segmented images were normalized to their mean T2 value
and the standard deviation of these normalized images was compared. T2 values with a
relative error above 20% were excluded just as T2 values below 10 ms and above 240 ms.
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This range was chosen by looking at the histogram and because it was found that smaller
or higher values mainly appeared at tissue boundaries, where partial volume effects are
stronger than in heterogeneous regions, and can lead to an unstable fit. The normalized
standard deviation was also calculated over all four flip angles within one crusher mode.
All values were calculated for the non selective, slice selective and perfusion weighted
images.
6.3 Results
6.3.1 T2 Simulation with the Extended Phase Graph Theory
Every fitted T2 value, in the following called apparent T2 value, is compared to the in-
put T2 value, which was used to simulate the magnetisation at the different echo times.
From the difference of apparent and input T2 a relative error (|reference_T2 − appar-
ent_T2|/reference_T2 · 100) is calculated. The apparent T2 values resulting from the fits
of the simulated data, as well as their relative errors are evaluated and compared with
regard to different aspects.
Apparent T2 values within one crusher mode are compared, with regard to the refocus-
ing flip angle, the input T2 and T1 value, as well as the number of fitted echoes. Whether
the first refocusing pulse is 180◦ or all refocusing pulses are of equal size needs to be
taken into account as well. Some differences were found comparing the two echo times
of 28 ms and 84 ms.
The comparison of the different crusher modes among each other focuses on the com-
parison of the mean relative error and the mean standard deviation of apparent T2 values
with the same refocusing flip angle and number of fitted echoes.
equally sized first refocusing
refocusing pulses TE0-8 TE1-8 TE2-8 pulse 180◦ TE0-8 TE1-8 TE2-8
TE 28 ms TE 28 ms
flip angle 150◦ 14.47 14.47 14.47 flip angle 150◦ 9.79 14.47 14.47
flip angle 120◦ 40.09 40.09 40.09 flip angle 120◦ 25.87 40.09 40.09
flip angle 90◦ 60.70 60.70 60.70 flip angle 90◦ 37.20 60.70 60.70
TE 84 ms TE 84 ms
flip angle 150◦ 5.42 5.42 5.42 flip angle 150◦ 1.28 5.42 5.42
flip angle 120◦ 18.84 18.84 18.84 flip angle 120◦ 4.27 18.84 18.84
flip angle 90◦ 35.17 35.17 35.17 flip angle 90◦ 7.49 35.17 35.17
Table 6.2: Relative errors [%] of the apparent T2 values with increasing crusher gradients at the different
refocusing flip angles. TE0-8: all echoes including the initial magnetisation at t=0 are fitted. TE1-
8: the initial magnetisation is not included in the fit. TE2-8: the first two echoes are omitted.
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Increasing crusher gradients
For increasing crusher gradients the relative error rises with smaller flip angles. For one
specific flip angle the relative error is constant if all refocusing pulses have the same
value. This is independent of whether all echoes are fitted or whether the initial magneti-
sation or the first echo is spared. Setting the first refocusing pulse to 180◦ and including
all echoes in the fit results in a clearly reduced relative error. Omitting the initial mag-
netisation at t = 0 or the first two echoes, for the case where the first refocusing pulse
is set to 180◦, gives exactly the same relative error as for equally sized refocusing pulses.
The longer echo time of 84 ms has smaller relative errors than the shorter one of 28 ms.
The values for the relative errors are summarized in table 6.2. As can be seen, they are
quite large, especially for smaller flip angles.
The initial T2 value has also a clear influence on the relative error of the apparent T2
value. T2 is underestimated and the relative error rises with higher initial T2 values. For
small flip angles (90◦) the underestimation can be up to 60%. The used range of T1 does
not have an effect on the apparent T2 and its relative error. In figure 6.4 and 6.5 (most
right diagram) joint histograms are shown. The fitted T2 values obtained with equally
sized refocusing pulses and having the initial magnetisation excluded from the fit are
plotted against the initial T2 values. The values with excluded initial magnetisation are
chosen because they are comparable to scanner data. It can be seen that apparent and
fitted T2 values come closer together with longer echo time, as well as that T1 has no
effect on the fitted T2 values.
Alternating crusher gradients
If the simulated data with alternating crusher gradients is fitted, the relative error of the
apparent T2 values rises with smaller flip angles. The only two exceptions are for equally
sized refocusing pulses at 90◦ and having the first two echoes excluded from the fit. For
both echo times the relative error is considerably reduced. On the other hand, excluding
the initial magnetisation or the first two echoes from the fit mainly leads to higher relative
errors, compared to fitting all echoes. It is conspicuous that the relative errors for equally
sized refocusing pulses are equal to the relative errors when the first refocusing pulse
is 180◦ but with one more echo excluded. For example, when all echoes are fitted with
equally sized refocusing pulses the relative error is the same as the one when the initial
magnetisation is excluded from the fit and the first refocusing pulse is set to 180◦. The
longer echo time of 84 ms has smaller relative errors for the initial T2 values than the one
of 28 ms. The only exception is for equally sized crusher gradients and if the first two
echoes are excluded from the fit for flip angles of 150◦ and 120◦ where fitting does not
reflect the initial T2 value at all. In total, the relative errors are higher and in some cases
close to the ones of increasing crusher gradients. In table 6.3 the values for the relative
errors are summarized.
With higher initial T2 value the relative error of the apparent T2 value rises. The ap-
parent T2 value is in most cases smaller than the initial T2 value, for TE of 84 ms the
difference of fitted and apparent T2 becomes smaller compared to TE of 28 ms. The used
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equally sized first refocusing
refocusing pulses TE0-8 TE1-8 TE2-8 pulse 180◦ TE0-8 TE1-8 TE2-8
TE 28 ms TE 28 ms
flip angle 150◦ 24.42 32.46 50.86 flip angle 150◦ 16.05 24.56 32.78
flip angle 120◦ 44.06 48.57 70.93 flip angle 120◦ 28.48 44.09 48.62
flip angle 90◦ 59.44 51.38 18.95 flip angle 90◦ 36.01 59.45 51.49
TE 84 ms TE 84 ms
flip angle 150◦ 6.44 9.85 151.07 flip angle 150◦ 1.55 6.44 9.87
flip angle 120◦ 18.83 15.44 187.95 flip angle 120◦ 4.29 18.83 15.44
flip angle 90◦ 35.07 33.29 3.67 flip angle 90◦ 7.43 35.07 33.29
Table 6.3: Relative errors [%] of the apparent T2 values with alternating crusher gradients at the different
refocusing flip angles. TE0-8: all echoes including the initial magnetisation at t=0 are fitted. TE1-
8: the initial magnetisation is not included in the fit. TE2-8: the first two echoes are omitted.
T1 times have a smaller effect on the apparent T2 values, it is smaller for short echo
times. The fitted T2 values obtained with equally sized refocusing pulses and having
the initial magnetisation excluded from the fit are plotted against the initial T2 values in
a joint histogram (cf. figure 6.4 and 6.5, middle plot). The values with excluded initial
magnetisation are chosen because they are comparable to scanner data.
Equal crusher gradients
Here, smaller errors are obtained if the initial magnetisation is not included in the fit.
A second exception is, as for alternating crusher gradients, the case of equally sized re-
Figure 6.4: From left to right joint histograms for equal, alternating and increasing crusher modes. The fitted
T2 value is compared to the initial T2 value at an echo time of 28 ms, with equally sized refocusing
flip angles. Data of all three refocusing flip angles is plotted in one histogram. For equal crusher
gradient initial magnetisation and first echo were excluded from the fit, while for alternating and
increasing crusher gradients only the initial magnetisation is excluded.
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equally sized first refocusing
refocusing pulses TE0-8 TE1-8 TE2-8 pulse 180◦ TE0-8 TE1-8 TE2-8
TE 28 ms TE 28 ms
flip angle 150◦ 0.88 7.39 3.82 flip angle 150◦ 1.14 0.73 7.24
flip angle 120◦ 3.75 30.05 7.01 flip angle 120◦ 5.09 3.56 30.39
flip angle 90◦ 11.47 78.34 15.70 flip angle 90◦ 13.79 12.04 82.98
TE 84 ms TE 84 ms
flip angle 150◦ 1.97 23.41 86.21 flip angle 150◦ 0.51 1.97 23.51
flip angle 120◦ 9.05 82.33 44.29 flip angle 120◦ 2.10 9.06 82.39
flip angle 90◦ 24.31 143.95 7.87 flip angle 90◦ 4.79 24.31 138.54
Table 6.4: Relative errors [%] of the apparent T2 values with equal crusher gradients at the different refocus-
ing flip angles. TE0-8: all echoes including the initial magnetisation at t=0 are fitted. TE1-8: the
initial magnetisation is not included in the fit. TE2-8: the first two echoes are omitted.
Figure 6.5: From left to right joint histograms for equal, alternating and increasing crusher modes. The
fitted T2 value is compared to the initial T2 value at an echo time of 84 ms, with equally sized
refocusing flip angles. Data of all three refocusing flip angles is plotted in one histogram. For
equal crusher gradient initial magnetisation and first echo were excluded from the fit, while for
alternating and increasing crusher gradients only the initial magnetisation is excluded. For equal
crusher gradients it can be seen that the biggest divergence appears for small T2 values.
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focusing pulses, a refocusing flip angle of 90◦ and having the first two echoes excluded
from the fit at an echo time of 84 ms. Here the relative error is particularly reduced. As
for alternating crusher gradients the relative errors for equally sized refocusing pulses
are equal to the relative errors if the first refocusing pulse is 180◦ but with one more echo
excluded. In contrast to alternating and increasing crusher gradients the relative error is
higher for the echo time of 84 ms than for 28 ms. The values for the relative errors are
summarized in table 6.4.
The initial T1 value has some influence on the fitted T2 value. It is rising with increasing
T1. In contrast to increasing and alternating crusher gradients, a smaller initial T2 value
increases the relative error of the apparent T2 values for equally sized crusher gradients.
This can especially be seen in the joint histogram with an echo time of 84 ms (cf. figure
6.5, left plot). The fitted T2 values diverge extremely form the initial value with rising
T1. The effect is stronger for small refocusing flip angles. For higher T2 values or shorter
echo times (cf. figure 6.4, left plot) the effect of T1 is still clearly seen but in total the fitted
T2 values are closer to the initial T2 values.
6.3.2 Phantom T2 study
T1 Calculation:
The calculated T1 values of the different samples for the spin echo and the ASL sequence
can be found in table 6.5. The difference of the T1 values determined by the two se-
quences rises with increasing T1 but remains within two standard deviations, except for
sample 2.
Reference T2 Calculation:
An exponential fit on the gold standard spin echo sequence data yielded the reference T2
values, found in table 6.5. T2 values in the range of 38 ms to 145 ms are covered. The T2
values calculated out of the ASL sequences will be compared to these values.
T1 [ms] se-sequence T1 [ms] ASL-sequence T2 [ms] se-sequence
sample 1 244.57 ± 16.56 255.24 ± 06.21 38.88 ± 0.35
sample 2 1258.10 ± 38.92 1136.28 ± 32.12 45.80 ± 0.48
sample 3 298.68 ± 16.40 319.62 ± 06.02 57.40 ± 0.93
sample 4 412.04 ± 14.87 411.95 ± 14.27 79.76 ± 1.60
sample 5 1060.13 ± 60.52 997.43 ± 52.31 104.14 ± 2.98
sample 6 519.57 ± 27.11 531.37 ± 14.93 145.80 ± 2.48
Table 6.5: T1 and T2 relaxation times of the six different agarose gel, copper sulphate samples. T1 times
once calculated from a spin echo sequence with varying TI and once from the ASL sequence. T2
times are calculated from the gold standard spin echo sequence.
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ASL T2 Calculation:
Fitting results of non selective and slice selective data agree within two standard devia-
tions and are therefore not considered separately. In the following, the results of the non
selective images will be discussed.
The apparent T2 values within one crusher mode are compared with regard to the
refocusing flip angle (degree of the flip angle and whether the first refocusing pulse is
fixed to 180◦ or they are all of equal size), the number of fitted echoes and the T2 value of
the samples.
The results are mainly structured as follows. The general behaviour is described shortly.
The fit of all eight echoes is considered, first with the first refocusing pulse fixed to 180◦
and afterwards with equally sized refocusing flip angles. Thereafter, the T2 fit with hav-
ing the first echo excluded is discussed. Again, first with the first refocusing pulse fixed
to 180◦ and afterwards with equally sized refocusing flip angles.
Increasing crusher gradients
Reference and apparent T2 value diverge more with smaller refocusing flip angles and
neglecting few exceptions with higher sample T2. This is independent of fitting all echoes
or excluding the first one from the fit. The behaviour is also the same no matter whether
equally sized refocusing flip angles are used or whether the first one is fixed to 180◦.
Especially sample 6 with the highest T2 value reveals differences of 30 ms or more already
Figure 6.6: Difference of apparent and fitted T2 values of the phantom study for increasing crusher gradients.
Equally sized refocusing pulses are used and all echoes are included in the T2 fit. The scale of
x- and y-axis is keep the same as in figure 6.7 and 6.8 for a better comparison of the values.
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for refocusing flip angles of 150◦ or smaller. With a few exceptions, refocusing flip angles
of 90◦ yield a wide range of differences from 12 ms to 167 ms.
Fitting all eight echoes and having the first refocusing pulse fixed at 180◦ results in
a relative fitting error of the T2 values of under 12%. For sample 1 to 3, it rises with
decreasing flip angle while it is mostly constant for sample 4 to 6. Exceptions are found
for refocusing flip angles of 90◦. The relative fitting error is not to be confused with the
relative error. The first one only describes the quality of the apparent T2 fit. The second
one results from the comparison of reference and apparent T2. The T2 values are mostly
underestimated.
Using equally sized refocusing flip angles and still including all echoes in the fit shows
a similar characteristic for the difference of reference and apparent T2 as having the first
refocusing pulse set to 180◦. The relative error of the T2 fit rises with declining refocusing
flip angle and higher T2 value of the sample. The relative fitting error on the other hand
is slightly higher especially for refocusing flip angles of 120◦ and 90◦, but no more than
30%. The difference of apparent and fitted T2 is plotted in figure 6.6. The size of the
y-axis is keep the same as for the best results of alternating and equal crusher gradient
for a better comparison.
Fixing the first refocusing pulse to 180◦ and excluding the first echo from the T2 fit
shows an increasing relative fitting error for smaller refocusing flip angle. It is smaller
than 10% for refocusing flip angles of 120◦ and greater. The difference of reference and
reference non selective T2 values for refocusing flip angles of
T2 [ms] 180◦ [ms] 150◦ [ms] 120◦ [ms] 90◦ [ms]
sample 1 38.88 39.28 36.20 30.51 23.64
± 0.35 ± 1.63 ± 1.50 ± 1.72 ± 2.14
sample 2 45.80 47.58 43.02 37.07 47.79
± 0.48 ± 2.38 ± 2.88 ± 8.55 ± 13.70
sample 3 57.40 57.55 52.27 43.69 33.58
± 0.93 ± 1.66 ± 2.17 ± 4.03 ± 7.32
sample 4 79.76 73.64 64.05 57.88 55.88
± 1.60 ± 6.60 ± 7.09 ± 9.91 ± 15.23
sample 5 104.14 99.09 87.52 89.30 114.64
± 2.98 ± 10.30 ± 9.47 ± 13.92 ± 27.65
sample 6 145.80 132.04 110.53 105.20 104.96
± 2.48 ± 10.21 ± 8.42 ± 11.96 ± 23.32
mean relative 4.52 13.62 22.33 25.51
error [%] ± 3.29 ± 6.81 ± 4.75 ± 13.87
Table 6.6: Fitted reference and apparent T2 values with their fitting error for increasing crusher gradients.
The apparent T2 values are calculated of non selective ASL images where all refocusing pulses
had equal size. All echoes were included in the fit. The mean relative error with its standard
deviation is calculated over all six samples, at the different flip angles.
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apparent T2 is mainly underestimated. The T2 values agree within the error limits with
the values for equally sized refocusing flip angles and including all echoes in the fit.
Having equally sized refocusing flip angles and not using the first echo for T2 fitting
results in relative fitting errors of mainly 2 to 15%. The difference of apparent and refer-
ence T2 values is extremely high for 90◦ refocusing flip angles, minimal 50 ms, resulting
in a relative error of over 100%.
Overall, for increasing crusher gradients, the best results are obtained by using equally
sized refocusing flip angles and including all echoes in the fit. These T2 values with
their fitting errors are summarized in table 6.6. The mean relative error (|reference_T2 −
apparent_T2|/reference_T2 · 100) of all six samples is calculated as well for comparison
with the simulated results.
All values for increasing crusher gradients are found in Appendix A, table 1.1 to 1.4.
Alternating crusher gradients
Fitting all eight echoes and retaining the first refocusing pulse at 180◦ reveals an upward
drift of the relative T2 fitting error with increasing T2 sample value. With decreasing
flip angle, the relative error is increasing for some samples and for the others staying
constant within 2%. It is always smaller than 15%. The difference between reference and
apparent T2 is getting larger with increasing T2 of the samples as well as with decreasing
refocusing flip angle. It is more than 30 ms for the samples 4 to 6 and for refocusing flip
angles smaller or equal than 150◦. All T2 values are underestimated.
Figure 6.7: Difference of apparent and fitted T2 values of the phantom study for alternating crusher gradients.
Equally sized refocusing pulses are used and all echoes are included in the T2 fit. The scale of
x- and y-axis is keep the same as in figure 6.6 and 6.8 for a better comparison of the values.
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Using equally sized crusher gradients and fitting all echoes shows an upward drift
of the relative T2 fitting error with decreasing refocusing flip angle as well. The same
tendency is found for increasing T2 values, even though with little more fluctuations.
The T2 values are all underestimated. The difference of reference and apparent T2 is
increasing with smaller refocusing flip angle and rising T2 of the samples. Worth noticing
is that for a refocusing flip angle of 90◦ the difference is becoming smaller again and is
fluctuating with increasing sample T2. The difference of apparent and fitted T2 is plotted
in figure 6.7.
The relative T2 fitting error is again rising with smaller refocusing flip angle if the first
echo is not used for fitting and having the first refocusing pulse always at 180◦. For
smaller sample T2 it is smaller as well but also no clear increase with T2 is found. Again
an underestimation of the T2 values is found. Except for 90◦ refocusing flip angles the
difference of reference and apparent T2 rises with higher T2 values and smaller refocus-
ing flip angle. With 90◦ flip angles, it is even better than for 180◦ but the relative error of
the T2 fit is higher. The T2 values agree within the error limits with the values for equally
sized refocusing flip angles and including all echoes in the fit.
The analysis of relative T2 fitting errors of the data with equally sized refocusing flip
angles and excluding the first echo from the fit yields strong fluctuations of the relative
error. But the relative fitting error stays, with two exceptions, below 20%. The difference
of reference and apparent T2 is up to 44 ms even for 180◦ refocusing flip angles. In con-
trast to the above analysis for 90◦ refocusing flip angles an overestimation of the apparent
T2 is found.
Overall, the best results were achieved with equal refocusing pulses and including all
echoes in the fit. Since the results are not as good as for increasing and equal sized crusher
gradients, they are not listed in a table but all values can be found in Appendix A, table
1.5 to 1.8. The relative errors in % of all six samples at the different flip angles for this
case are: 14.26 ± 9.09 for 180◦, 37.13 ± 15.26 for 150◦, 43.02 ± 6.83 for 120◦ and 16.16 ±
10.29 for 90◦.
Equal crusher gradients
The relative error of the ASL T2 fit rises with decreasing refocusing flip angle. Also, an
increase with higher T2 values is found in most cases. Independent of excluding the first
echo from the fit or fitting all eight echoes, the relative fitting error of the ASL T2 fit is
smaller when all refocusing flip angles are of the same size. It is worth noticing that
sample 4 has clearly the largest fitting errors.
Including all echoes in the fit and adjusting the first refocusing flip angle always to
180◦ yields differences between reference T2 and apparent T2 values of under 10 ms ex-
cept for 90◦ refocusing flip angles and for sample 6, the one with the highest T2 value.
For refocusing flip angles of 120◦ and 90◦, the apparent T2 values are underestimated.
For refocusing flip angles of 180◦ and 150◦ the apparent T2 value of sample 1 to 3 is
overestimated and underestimated for sample 4 to 6.
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Including all echoes in the fit but having all refocusing flip angles of the same size
results in differences between reference and apparent T2 values of over 10 ms for refo-
cusing flip angles of 120◦ and in differences of 30 ms to 60 ms for 90◦ refocusing flip
angles. Except for two cases, the apparent T2 values are overestimated.
Excluding the first echo from the fit and setting the first refocusing flip angle always to
180◦ gives differences of reference and apparent T2 of over 20 ms already for refocusing
flip angles of 120◦ and in four samples of over 10 ms for refocusing flip angles of 150◦. For
90◦ the difference is up to 85 ms. The apparent T2 is mainly overestimated. The T2 values
agree within the error limits with the values for equally sized refocusing flip angles and
including all echoes in the fit.
Excluding the first echo from the fit but having all refocusing flip angles of the same
size shows predominantly an increase of the difference between reference and apparent
T2 with increasing T2 value of the sample. The difference is below 10 ms for refocusing
flip angles of 120◦ and higher but stays below 20 ms even for 90◦ refocusing flip angles.
This is displayed in figure 6.8. In most cases, for the three samples with smaller T2 values
the fit overestimates the T2 value while it underestimates it for the three samples with
higher T2 values. The fitted T2 values with their fitting errors for this case can be found
in table 6.7. The mean relative error of all six samples at the different flip angles is listed,
too, for comparison with the simulated data. Figure 6.9 visualises these results. All values
Figure 6.8: Difference of apparent and fitted T2 values of the phantom study for equal crusher gradients.
Equally sized refocusing pulses are used and the first spin echo was excluded in T2 fitting. The
scale of x- and y-axis is keep the same as in figure 6.6 and 6.7 for a better comparison of the
values.
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reference non selective T2 values for refocusing flip angles of
T2 [ms] 180◦ [ms] 150◦ [ms] 120◦ [ms] 90◦ [ms]
sample 1 38.88 40.50 39.76 40.28 47.19
± 0.35 ± 0.92 ± 1.61 ± 1.14 ± 0.79
sample 2 45.80 47.62 45.42 46.75 61.82
± 0.48 ± 3.14 ± 2.58 ± 3.55 ± 5.68
sample 3 57.40 63.15 59.01 59.61 68.05
± 0.93 ± 5.69 ± 3.07 ± 4.30 ± 5.57
sample 4 79.76 70.02 75.72 84.59 97.11
± 1.60 ± 9.25 ± 13.88 ± 26.69 ± 38.64
sample 5 104.14 96.78 108.08 111.77 119.99
± 2.98 ± 9.01 ± 10.58 ± 16.89 ± 20.40
sample 6 145.80 130.00 137.83 144.92 148.94
± 2.48 ± 10.69 ± 13.27 ± 15.49 ± 16.21
mean relative 8.04 3.37 3.92 19.00
error [%] ± 3.21 ± 1.60 ± 2.26 ± 9.72
Table 6.7: Fitted reference and apparent T2 values with their fitting error for equally sized crusher gradients.
The apparent T2 values are calculated of non selective ASL images where all refocusing pulses
had equal size. The first of eight echoes was excluded from the fit. The mean relative error with
its standard deviation is calculated over all six samples, at the different flip angles.
for equal crusher gradients can be found in Appendix A, table 1.9 to 1.12.
The difference of apparent and fitted T2 is plotted in figure 6.7. As can be seen it is clearly
smaller than in figure 6.6 and 6.7.
A comparison of all crusher modes is shown in figure 6.10. For every crusher mode, the
mean of all four flip angles is calculated with its standard deviation. Therefore, the values
are chosen which gave the best results concerning refocusing flip angle and number of
fitted echoes. For all crusher modes, the best results were obtained by using equally sized
refocusing flip angles and not by keeping the first one at 180◦. All echoes were fitted for
increasing and alternating crusher gradients, while excluding the first echo from the fit
gave the best results for equal sized crushers. The standard deviation of the T2 values
at the four different flip angles is used as error bars. The equal crusher gradients come
close to the reference T2 values of the spin echo sequence and have the smallest standard
deviation as well. Whereas equal crusher lead to slightly higher T2 values compared to
the reference values, the T2 values are underestimated with alternating and increasing
crusher gradients. In figure 6.6, 6.7 and 6.12 in each case the best results of each crusher
mode are displayed. It can also be seen that the smallest deviation of apparent and fitted
T2 is found with equally sized crusher gradients.
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6.3.3 In-vivo T2 study
Comparing the images of the non selective and slice selective ASL preparation, the mean
T2 values for grey and white matter agree within two standard deviations if the same
crusher mode and flip angle is compared. In the following, T2 can mean tissue T2 values
obtained from the non selective and slice selective images or T2 values of the perfusion
weighted images representing a mixture of tissue and blood T2. It should be clear from
the context if not stated separately.
For equally sized crusher gradients, the maximal difference of non selective and slice
selective images is 4.1 ms for grey matter (GM), 8.8 ms for white matter (WM) and the
mean difference is 2.0 ms for grey matter and 2.7 ms for white matter, considering all five
volunteers and all four flip angles. The slice selective images reveal minimally higher T2
values. The mean T2 values of all five volunteers and the four refocusing flip angles are
97± 14 ms for grey matter and 70± 11 ms for white matter.
Alternating and increasing crusher gradients revealed smaller T2 values, as expected
from the simulation and phantom study. The fitted T2 values for the different crusher
modes are summarized in table 6.8.
The T2 values of the perfusion weighted images are listed in the table as well. Here,
for white matter, the signal is very low and might in several regions be confounded with
partial volume effects of grey matter. Due to the small signal, the fitting error is high
Figure 6.9: T2 values of the non selective 3D-GRASE data obtained with four different refocusing flip angles
are plotted against T2 values of the gold standard spin echo sequence. The 3D-GRASE data is
generated with a constant size of crusher gradients, and equally sized refocusing pulses. The
first of the eight echoes was excluded from the fit. The standard deviation is plotted as error bars.
For small T2 values, the standard deviation was too small to be plotted.
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crusher mode equal alternating increasing
mean T2 value grey matter [ms] 97 ± 14 54 ± 15 69± 12
mean T2 value white matter [ms] 70 ± 11 39 ± 6 50 ± 7
perfusion weighted images
mean T2 value grey matter [ms] 108 ± 12 51 ± 10 61± 16
Table 6.8: T2 values for grey and white matter obtained with different crusher gradients. The values are
averaged over five volunteers and over the four different flip angles of 180◦, 150◦, 120◦ and 90◦.
The first values are from the ns and ss images and reveal the tissue T2 values. The lower T2
values are from the perfusion weighted images and represent a mixture of T2 tissue and T2 blood.
as well and only few voxels have an error below 20%. Therefore, a small ROI is placed
in a clear white matter region for every volunteer and T2 is calculated. The T2 values
fluctuate much among volunteers and crusher mode. Comparing the crusher modes,
equal crusher gradients give the most constant values at the different flip angles. But due
to the small number of voxels for each volunteer, T2 values are not listed here.
Figure 6.10: The mean T2 values of the four different refocusing flip angles are plotted against T2 values of
the gold standard spin echo sequence, for the three different crusher gradients. For all crusher
modes, equally sized flip angles are used. The T2 values are calculated on the non selective
data. For alternating and increasing crusher gradients, all echoes were fitted. For equal crusher
gradients, the first echo is excluded from the fit. The standard deviation of the T2 values at the
different flip angles is represented in the error bars.
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In figure 6.11, T2 maps of the different crusher modes at the four refocusing flip angles
of 180◦, 150◦, 120◦ and 90◦ are shown for one representative volunteer. T2 values are
highest for equal crusher gradients. Comparing the T2 maps at the different flip angles
shows that they are most uniform as well for equal crusher gradients. Comparing the
crusher modes for one specific flip angle one would expect to find three equal maps
between 180◦ and 150◦.
Comparing the normalized mean standard deviation of the T2 maps obtained with
different crusher gradients and at different refocusing flip angles gives evidence of how
strong the variation is in the data. Independent of the crusher mode and flip angle in
grey matter, the mean of the normalized mean standard deviation is (33±3)% for the non
selective images and (29±3)% for the slice selective images. For white matter, the values
are (39±5)% and (36±4)% respectively. The discrepancy between crusher mode and flip
angle is very small.
This changes when the perfusion weighted T2 maps are considered. For equal crusher
gradients and grey matter, the mean standard deviation is almost constant at 37% inde-
Figure 6.11: Equally windowed T2 maps of the perfusion weighted images for one representative volunteer.
Top row: equal crusher, middle: alternating crusher, bottom: increasing crusher. From left to
right flip angle of 180◦, 150◦, 120◦ and 90◦.
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crusher gradient / flip angle 180◦ 150◦ 120◦ 90◦ all flip angles
equal 0.36 0.36 0.37 0.39 0.37
alternating 0.48 0.49 0.59 0.75 0.49
increasing 0.41 0.41 0.55 0.80 0.46
Table 6.9: Normalized mean standard deviation for the perfusion weighted T2 maps calculated for the differ-
ent combinations of crusher gradients and refocusing flip angles in grey matter.
pendent of the flip angle, while it rises for alternating and increasing crusher gradients
with decreasing flip angle in addition to being higher anyway. The exact values are found
in table 6.9.
For white matter, a similar trend is found but with increased normalized mean stan-
dard deviation at all crusher gradients and refocusing flip angle combinations.
6.4 Discussion and Conclusion
Summarizing the results from simulation, phantom and in-vivo study, equal crusher gra-
dients with equally sized refocusing flip angles should be used. Excluding the first echo
from the fit is then strongly recommended, especially if refocusing flip angles diverting
from 180◦ are used. It was tested if the value of the first echo could be corrected by a
certain factor depending on the applied refocusing flip angle to include it in the T2 fit
and with that stabilize it. In theory this was possible. But evaluating in-vivo data, the
standard deviation of the correction factor was too high to result in a better outcome of
the fit. Instead, the first echo could be used for M0 calculation or if a turbo factor higher
than one is used, partition encoding could be changed in a way that the first echo encodes
one of the non central partitions. This is worked out more detailed in chapter 7.
Even though the first echo needs to be excluded, using equally sized crusher gradients
has the advantage that theoretically all magnetisation that is flipped to the longitudinal
direction can be regained at later echo times and slows down the signal decay. The con-
tribution of the stimulated echo to the signal intensity of the second echo is so strong
that it is in the same range as if only 180◦ refocusing pulses were used (cf. figure 6.12).
Since the first echoes determine very much the development of the T2 curve, the regained
magnetisation by the first stimulated echo helps to stabilize and enhance the apparent T2
value.
With reduced refocusing flip angle more magnetisation is stored in the longitudinal di-
rection and regained at later echoes, which reduces the signal intensity in the first echoes,
resulting in a higher divergence of initial and apparent T2 and thereby in a higher rela-
tive error. Excluding the initial magnetisation in the simulation gives more weight to the
first echo, which has the strongest flip angle dependence. Excluding the first echo as well
improves the relative error again, since (as seen in figure 6.12) the signal mixture of spin
and stimulated echo at the later echoes is close to the one of 180◦ refocusing flip angles.
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As seen in the joint histograms 6.4 and 6.5 of the simulation, spoiling magnetisation
from stimulated echoes is not resulting in a better fit of the T2 value. This is underlined
by the results of the phantom study displayed in figure 6.10, where increasing, alternating
and equal crusher gradients were compared. Therefore, the mean apparent T2 value of
all four refocusing flip angles for each sample is plotted against the reference T2 values
of the spin echo sequence. It is clearly seen that the best results are obtained for equally
sized crusher gradients and not fitting the first echo.
Comparing the results of the phantom study to the simulation, setting the first refo-
cusing pulse to 180◦ is slightly inferior to equally sized crushers and excluding the first
echo from the fit. The smallest sample T2 of the phantom study is 38.88 ms. In the sim-
ulation, the smallest value is 30 ms and the relative error is much larger than for 50 ms,
Figure 6.12: T2 simulation and fit with the extended phase graph for equally sized crusher gradients and
refocusing flip angles of 180◦ (red), 120◦ (blue) and 90◦ (green). Other parameters for the EPG
simulation were: T1=1000 ms, T2=80 ms, M0 =100, TE=28 ms.
The initial magnetisation at 100 is equal for all flip angles. The intensity values of the first echo
differ, since the degree of the refocusing flip angle determines the amount of magnetisation that
is flipped to the transverse plane. From the second echo onwards the effect of the stimulated
echoes gives almost equal magnetisation values for all flip angles.
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the next tested value in the simulation. If the T2 values of 30 ms were excluded from the
simulation, the relative errors for both cases are in the same range. This explains why the
cases in the phantom study have almost equal quality. The main difference is for 90◦ re-
focusing flip angles, where the case with the first refocusing pulse of 180◦ underestimates
the T2 values while equally sized refocusing flip angles overestimate them. On top, the
last named case gives better results for the sample with the highest T2 value. As seen in
figure 6.9, the apparent T2 values almost all agree within the error limits with the values
of the spin echo experiment. The details of the phantom study are discussed in section
6.5.2.
In the in-vivo study also most homogeneous results were found with equally sized
refocusing pulses (cf. figure 6.11). From the images of the alternating and increasing
crusher gradients at the different refocusing flip angles, one would also expect that the
perfect 180◦ pulse lies between the applied 180◦ and 150◦ ones. It makes clear that even
when using 180◦ pulses the effective refocusing pulse in the tissue might be different and
the effect of stimulated echoes cannot be avoided. The found tissue T2 values for grey and
white matter (97±14 ms and 70±11 ms) obtained with equally sized crusher gradients
are in very good accordance with literature (GM: 99±7 ms, WM: 69±3 ms) [Stanisz et al.,
2005]. But also for the values with increasing crusher gradients (GM 69±12 ms, WM:
50±7 ms) corresponding literature values could be found in the work of Gelman et al.
[1999]. They found a T2 of 71± 10 ms for grey matter and 56±4 ms for white matter.
Comparing the used sequences, a CPMG sequence with equally sized crusher gradients
and a GESFIDE sequence [Ma and Wehrli, 1996] that is independent of stimulated echoes,
explains the results and underline the importance of the choice of crusher gradients on
the fitted T2 values.
Concluding the results of simulation, phantom study, and in-vivo study T2 values clos-
est to T2 values obtained with the gold standard spin echo sequence can be obtained with
equally sized crusher gradients and excluding the first echo from the fit.
6.5 More Detailed Discussion
For the interested reader in the following subsections, the results of the simulation, phan-
tom and in-vivo study are discussed separately in detail, following the structure of the
results section.
6.5.1 T2 Simulation with the Extended Phase Graph Theory
With the extended phase graph simulation the overall best results were obtained with
equal crusher gradients, having the first refocusing pulse set to 180◦ and the initial mag-
netisation not included in the fit.
A detailed discussion of the results obtained by simulating different crusher gradients
is found in the following sections. There, always the last paragraph summaries and con-
cludes the findings within the certain crusher mode.
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Increasing crusher gradients
Smaller refocusing flip angles flip more magnetisation to the longitudinal direction than
larger refocusing flip angles. With increasing crusher gradients, a perfect spoiling of the
longitudinal magnetisation is achieved [Crawley et al., 1988] and this part of the magneti-
sation is therefore never regained. With a smaller refocusing flip angle, the percentage
flipped to the longitudinal direction is increased and the one that is refocused in the
transverse plane is reduced. This leads to a steeper T2 signal decay and with that, to a
higher difference between initial and fitted T2 value, as well as to a higher relative error
for reduced flip angles. Having results independent of the T1 time is also caused by the
fact that all longitudinal magnetisation is crushed.
It was expected to obtain equal T2 values and thereby equal relative errors for a spe-
cific refocusing flip angle independent of the number of fitted echoes, since with perfect
spoiling all calculated echoes should be exactly on one exponential decay curve. This is
the reason why for the fitting routine it does not make any difference how many echoes
are fitted. Having the first refocusing pulse always set to 180◦ refocuses the magneti-
sation perfectly after this pulse instead of flipping parts to the longitudinal plane. The
perfect refocusing of the magnetisation leads to a higher signal for the first echo. If the
initial magnetisation is now included in the fit, the higher signal at the first echo flattens
the T2 decay curve leading to a higher T2 value and opposing the underestimation of the
T2 value. This is the reason why the relative error for a fit with the initial magnetisation
included is clearly reduced if the first refocusing pulse is set to 180◦. On the other hand,
excluding the initial magnetisation from the fit does not result in a smaller relative T2
error since the decay curve is only shifted in positive x-direction but its decay constant is
not changed.
The reduced relative error for longer echo times can be explained by the fact that in a
considered time frame less refocusing pulses are applied and with that less magnetisa-
tion is flipped to the longitudinal direction due to imperfect refocusing pulses, resulting
in a higher apparent T2 value. Values for shorter T2 decay have a similar effect. Within
the echo time, more magnetisation is decayed as compared to a long T2 time. The effect
on the fit from the part that is flipped to the longitudinal direction by the next refocusing
pulse is therefore reduced.
The best results for the increasing crusher simulation are obtained by setting the first
refocusing pulse to 180◦ and including the initial magnetisation in the fit. But this ansatz
cannot be assigned to scanner data since the initial magnetisation is not known there.
All options not including the initial magnetisation give equal results. But considering
measurement time, it is better to include the first echo in the fit and rather not obtain a
later echo than excluding the first one.
Alternating crusher gradients
Using alternating crusher gradients, stimulated echoes with an unequal period of TEs in
the longitudinal direction are crushed, while magnetisation that stays for an equal period
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of TEs in the longitudinal direction is regained. The crushing of only some components
that experienced T1 decay makes the development of the total magnetisation more com-
plex and less intuitive.
As already described in the section of increasing crusher gradients, with smaller refo-
cusing flip angle the percentage of magnetisation flipped to the longitudinal direction is
increased and the one that is refocused in the transverse plane is reduced. This is result-
ing in a steeper T2 signal decay and with that in a bigger difference between initial and
fitted T2 value as well as in a bigger relative error for reduced flip angles. Excluding the
first or the first two echoes from the fit, excludes those with most signal intensity or in
other words the ones where the signal intensity difference between two echoes is highest.
Small intensity variations in the later echoes influenced by the refocusing of some stimu-
lated echoes clearly change the fitted T2 value. The fit loses robustness. Having the same
relative errors for equally sized refocusing pulses and for those where the first one is al-
ways set to 180◦ but with one more echo excluded can be explained with the appearance
of the stimulated echoes. Having a 180◦ pulse at the beginning completely refocuses the
transverse magnetisation without flipping any parts to the longitudinal direction. The
sum of the crusher gradients seen by the magnetisation is zero again. The first echo that
is a mixture of spin echo and stimulated echo, therefore appears one echo later (at the
fourth echo) than with equally sized refocusing flip angles, where it appears already at
the third echo. Excluding the initial magnetisation can be compared to having a mixture
of spin and stimulated echo already in the third echo, as it is the case for equally sized
refocusing gradients. Then, the relative error is the same.
The reduced relative error for longer echo times can be explained analogue to the in-
creasing crusher gradients. In a considered time frame fewer refocusing pulses are ap-
plied and with that less magnetisation is flipped to the longitudinal direction from re-
focusing pulses diverting from 180◦. The decay curve is flattened, resulting in a higher
T2 value. But due to the long echo time the signal in the third echo is already very low.
If the first two echoes are excluded, a stable fit is no longer possible on the remaining
data, leading to extreme high relative errors. For 90◦ refocusing pulses the relative error
is very small again. This is only due to the nature of sine and cosine at 90◦. Already for
flip angles of 92◦ the relative error rises. The apparently better result should therefore be
taken with precaution. The reason for increasing relative error with increasing T2 value
is the same as for increasing crusher gradients. A small effect of T1 is seen since some
stimulated echoes that underwent T1 decay contribute to the signal.
In total, the relative errors are even higher than for increasing crusher gradients, where
they were already high if a good correlation of initial and apparent T2 value was achieved.
Since only some stimulated echoes are spoiled and some contribute to the signal, the re-
sults very much depend on the flip angle and fitted echoes, as well as the initial T1 and
T2. A reliable apparent T2 value is therefore hard to obtain with alternating crusher gra-
dients.
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Equal crusher gradients
As for alternating crusher gradients, having the first refocusing pulse always set to 180◦
shifts the effect of the stimulated echoes by one and the relative error of the T2 fit is
displaced by one compared to equally sized refocusing pulses. Since with equal crusher
gradients the magnetisation flipped to the longitudinal direction can be regained, short
echo times are of advantage because the effect of regaining magnetisation is stronger
here. This is based on the fact that less magnetisation is decayed due to normal T1 and T2
decay as if more time had passed. The higher number of refocusing pulses is in this case
an advantage, while it was a drawback for alternating and increasing crusher gradients.
The increase of the relative T2 error with rising T1 can be explained by the increasing
difference of T1 and T2. The magnetisation decays slower in longitudinal than in trans-
verse direction and by regaining longitudinal magnetisation, the amount is higher as if
it had undergone T2 decay. The same effect occurs for constant T1 and smaller T2 times.
The smaller T2 becomes, the higher the difference of T1 and T2 and with that the relative
error of the T2 fit.
To summarise, having the first refocusing pulse always set to 180◦ and the initial mag-
netisation not included in the fit gives the best results for equal crusher gradients. But if
the T2 values of 30 ms are excluded, the results for equally sized refocusing flip angles
with initial magnetisation and the first echo excluded from the fit are of equal quality.
The results are even better than for alternating and increasing crusher gradients.
6.5.2 Phantom T2 study
With the phantom study the main findings of the EPG simulation could be verified. T2
values closest to the gold standard spin echo sequence could be produced with equal
crusher gradients and by excluding the first echo from fitting. But, in contrast to the
simulation, it is better to use equally sized refocusing pulses.
The following detailed discussion of the phantom study keeps the outline of the results.
First, the results of the T1 and reference T2 calculation are discussed shortly. Further on,
the results of the ASL T2 calculation obtained with different crushers are discussed and
compared to the simulation. The last paragraph summarises the main findings of the
phantom study.
T1 Calculation:
Calculating T1 out of a spin echo sequence by varying TR is a standard method. Com-
paring the results with the results of the ASL 3D-GRASE sequence in the function of a
saturation recovery sequence shows that the ASL sequences can be used as well to deter-
mine reliable T1 values. Knowing T1 of the different samples is also of interest, because,
as shown in the EPG simulation, its effect on the T2 calculation varies with its value.
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Reference T2 Calculation:
Using a classical spin echo experiment to determine T2 values is the most robust method.
The small standard deviation of the fitted T2 values underlines the quality of the fit. The
results are used as reference values to evaluate the quality of the ASL T2 acquisition.
ASL T2 Calculation:
Increasing crusher gradients
In accordance with the simulated data the difference of reference and apparent T2 rises
with smaller refocusing flip angles and increasing sample T2 value. The discussion on
this phenomenon is found in section 6.5.1 Increasing crusher gradients. The reason for
mainly underestimating the apparent T2 values is also given there. In contrast to the
simulation the apparent T2 values are different depending on how many echoes are fitted
and if the first refocusing pulse was always set to 180◦. In the simulation, all four cases
similar to the phantom study had equal values. The values diverge most for 120◦ and
even more for 90◦ refocusing pulses. Different aspects cause this behaviour. Normal
background noise influences the measured data but with σ = 0.95 the effect should be
quite small. Local inhomogeneities might change the actually applied refocusing flip
angle from one imaging voxel to the next but also between two refocusing flip angles.
Another reason could be that the crushing of all magnetisation that experienced T1 decay
might not work perfectly.
Taking everything together it becomes clear that a perfect exponential decay cannot
be reproduced as for the simulated data. Departing from the perfect situation, of 180◦
refocusing flip angles, therefore increases the instability and makes the system prone to
further influences altering the perfect exponential decay. The best results are achieved
with equally sized refocusing flip angles and all echoes included in the fit. But even with
this limitations it is worse noticing that by comparing the mean relative error of this case
with the best one of the simulation even better results are achieved.
Alternating crusher gradients
The reasons for the correlation of decreasing refocusing flip angle and increasing relative
error and relative fitting error is the same as for the simulation or for increasing crusher
gradients. The same applies for the relation of increasing T2 and relative error as well
as relative fitting error. In total, the influence of some stimulated echoes, together with
background noise and imperfect refocusing pulses from their predicted value alter the
fitted T2 values with alternating crusher gradients and make a good correlation with the
reference values problematic. But this could already be expected from the simulated data.
Comparing the mean relative error of equally sized refocusing pulses with all echoes
included in the fit with the simulation gives, within the standard deviation, equal values
for 150◦ and 120◦ and is much better for 90◦ refocusing pulses.
It is interesting that, if the T2 values and relative errors of equally sized refocusing
pulses with all echoes included in the fit are compared to the ones where the first refo-
cusing pulse is 180◦ and the first echo is excluded, the values are quite similar as expected
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from the simulation. This is an evidence for data generation and T2 fit to behave in a way
they are expected from theory.
Equal crusher gradients
As for increasing and alternating crusher gradients, the reasons for the increasing dif-
ference of fitted T2 and reference T2 with decreasing flip angle or higher sample T2 are
already described in section 6.5.1.
The regaining of longitudinal magnetisation at different echoes gives different results
for the four tested cases, depending on the background noise, imperfect refocusing pulses
departing from their predicted value and whether the first refocusing pulse was 180◦ or
not.
As for increasing as well as for alternating crusher gradients and expected from the
simulation, the T2 values and relative errors of equally sized refocusing pulses with all
echoes included in the fit have compared to the ones where the first refocusing pulse is
180◦ and the first echo is excluded, values which agree within the error limits. This is an
evidence for data generation and T2 fit to behave in a way they are expected from theory
and underlines their reproducibility.
Summary Phantom Study
Overall, best results were obtained for equally sized crushers and by excluding the first
echo from the fit. Considering only flip angles of 180◦, slightly better results were ob-
tained by fitting all echoes. But the discrepancy is very small, therefore excluding the
first echo from the fit should be favoured since for smaller flip angles much better results
are obtained. Yet, a disadvantage is that signal with very good SNR is not used. An al-
ternative use of the signal was touched at the beginning of the discussion and is worked
out in more detail in the turbo factor analysis of chapter 7.
The different bandwidths used to keep the echo time constant for the different crusher
modes, has small influence on the signal-to-noise ratio. In theory SNR ≈ 1/√BW . The
difference found in SNR for the three crusher modes was not enough to have a significant
influence on the quality of the T2 fit.
6.5.3 In-vivo T2 study
The results of the tissue T2 values were already discussed. Since non selective and slice
selective images gave equal T2 results within standard deviation, it can be assumed that
the difference images really reveal perfusion values. For this case only T2 values of grey
matter were determined. The obtained values vary with the different crusher gradients.
For equal crusher gradients, which come closest to the real T2 values, T2 is increased
compared to tissue T2. This is expected since at an inflow time of 1500 ms the value
will be a combination of blood and tissue T2. Literature blood T2 values are 275±50 ms
[Stanisz et al., 2005] and 165±3 ms [Lee et al., 2003].
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In the perfusion weighted images, white matter regions that are definitely not con-
founded with grey matter have low SNR and high fitting errors. Therefore, the number
of voxels included in the T2 fit is low and no determination of T2 is possible. To overcome
this problem, slice positioning could be changed to a region where the amount of white
matter is increased. Multiple averaging could improve SNR. But since T2 measurements
of white matter were no special focus, further approaches were not studied.
For perfusion weighted images, equal crusher gradients reveal the most homogeneous
T2 maps at different flip angles. The normalized mean standard deviation is the smallest
compared to the alternating and increasing crusher gradients and does not change with
the flip angle. For white matter, the same trend is seen, but since the segmentation might
be confounded with grey matter and the SNR is not very good in this region, it should
not be focused on the absolute values but rather on the trend.
If perfect 180◦ refocusing pulses would be applied, the T2 maps should not differ
among the crusher gradients, because no stimulated echoes are produced and the choice
of crusher gradients should not matter. But by looking at figure 6.11, one sees that this is
not the case. From the images, one would expect that a perfect 180◦ pulse lies between
the applied 180◦ and 150◦ ones. But since for equal crusher gradients and excluding the
first echo from the fit the T2 values do not strongly depend on the angle of the refocusing
pulse, not too much effort needs to be made to apply perfect 180◦ refocusing pulses.
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7 The Influence of the Turbo Factor - Optimal
Combination of Turbo Factor and Number
of Fitted Echoes
T2 measurements of the difference signal in Arterial Spin Labeling experiments can be improved
with a multi-TE 3D-GRASE readout, regarding stability as well as signal-to-noise ratio (SNR).
However, due to time constraints in in-vivo experiments, especially for multi TI experiments, a
tradeoff between the number of acquired echoes and SNR is necessary. In this chapter, T2 least
squares fits with different numbers of echoes, obtained with different turbo factors from simulated
and in-vivo data, are evaluated to find the optimal imaging scheme with regard to stability and
measurement time.
7.1 Introduction
Using a 3D-GRASE sequence, scan time is much accelerated by the use of multiple spin
echoes, which is described by the turbo factor (TF). On the other hand, several refocusing
pulses are used to encode the 3D-image. Therefore, image contrast is a mixture of the
signal from these different refocusing pulses, which can lead to blurring in z-direction.
Another disadvantage is that the T2 decay curve is not perfectly sampled anymore and
that the echo time is increased with the use of a TF > 1. In figure 7.1 the acquisition
scheme for TF1 and TF3 is displayed. For a detailed description how the TF is used in the
ASL 3D-GRASE sequence, see chapter 3.6.1.
In this chapter, the influence of the TF on the T2 fit was evaluated. First, the magnitude
of the magnetisation by applying different TF was simulated with the extended phase
graph theory. In a in-vivo study, images of two volunteers were taken at an inflow time
of 1800 ms. Here, six different TFs were tested and the number of averages were ad-
justed in a way that the total scan time was always two minutes. Some of the results are
summarized in Kramme et al. [2012].
7.2 Method
7.2.1 T2 Simulation with different Turbo Factors
The extended phase graph theory (section 2.9) was used to calculate the magnetisation
after the single refocusing pulses. To simulate the TFs, all echoes generated from the refo-
cusing pulses were calculated but, depending on the TF, only every second, third, fourth
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Figure 7.1: Acquisition scheme for TF1 and TF3. Using TF1, with every spin echo one partition and one
contrast is encoded. With TF3 three partitions are encoded. But in the same echo train length
as for TF1 only a third of the contrasts can be obtained. The echo spacing for TF3 is three times
longer than for TF1.
or sixth echo was used for T2 fitting. Input parameters for the simulation were initial T2,
TF, the number of fitted echoes and the refocusing flip angle. Equal crusher gradients
were assumed. To obtain T2 depending on the TF, different numbers of contrasts were
fitted (TF1: 8, TF2: 5, TF3: 4; TF4: 3, TF6: 2) by keeping the last echo time around 200
ms for a first echo time of 20 ms. For TF1, the first contrast was omitted from fitting due
to the results of chapter 6 while all contrasts were fitted for the other TFs. In a second
simulation, for all TFs, the signal after the first refocusing pulse was omitted. The second
refocusing pulse was then treated as if it would be the first for all TFs. In the simulation
this is possible because for TF>1, some echoes are not used for fitting. As example, hav-
ing TF2 and three contrasts, in the first simulation echo 1, 3 and 5 are used and in the
second simulation echo 2, 4 and 6. In a scanner experiment this is not possible because
all echoes are used for the image acquisition to encode the further partitions. It would
only be possible to exclude the first contrast, meaning for TF2 the signal after the first
two refocusing pulses, for TF3 the signal after the first three refocusing pulses and so on.
The values for the single variables used in the simulation can be found in table 7.1. All
possible variable combinations were fitted.
T1 [ms] 1400 first TE [ms] 20, 30
T2 [ms] 80, 100, 120 excitation pulse [◦] 90
M0 10 refocusing pulse [◦] 170, 150, 120 ,90
Table 7.1: Variables and their values used in the extended phase graph simulation of different TFs (TF1, TF2,
TF3 ,TF4 ,TF6). All possible variable combinations were simulated.
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number of
echoes
number of
averaged
images
first echo
time [ms]
echo spacing
[ms]
reduced echo
number
TF1 12 1 32.45 32.45 6
TF2 6 2 29.33 58.66 4
TF3 4 3 28.71 86.13 3
TF4 3 4 27.47 109.88 2
TF6 2 6 26.85 161.10 2
Table 7.2: Number of echoes and averages for different TFs. The first echo time varies slightly due to band-
width adjustments. The number of echoes with a maximal echo time up to 210 ms is given in the
last column.
7.2.2 In-vivo Turbo Factor Study
In an in-vivo study, ASL images from two healthy volunteers (male: 40 years, female: 28
years) were obtained with different TF by keeping the scan time constant. For the study
written informed consent was obtained from both volunteers.
The study was performed on a 3T scanner (Siemens Magnetom Verio) with a vendor
provided 20 elements head coil. A 3D-GRASE ASL sequence with optimized FAIR PASL
pulse scheme (cf. section 4.8) and a spatial resolution of 5.2 x 5.0 x 6.0 mm was used.
Background suppression was optimized for T1 of 700 ms and 3500 ms. Measurements
were performed at an inflow time of 1800 ms, using refocusing flip angles of 180◦. The
bandwidth was 1698 Hz/Px. Sixteen partitions were encoded by using Partial Fourier of
6/8. The maximal bolus length was 1800 ms. The measurement time was kept constant
at two minutes while varying TF and averages. For TF1, a maximum of 12 echoes was
obtained, whereas in the same echo train length for TF3 a third of the echoes are possible,
since three refocusing pulses are used for the readout. On the other hand, the scan time is
a third and a three averages become possible in the same scan time (cf. figure 7.1). For a
detailed description of image generation with different TF, see section 3.6.1. An overview
of the number of echoes at different TFs, the number of averages and the first echo time
as well as the echo spacing can be found in table 7.2.
Image analysis was done on the non selective, slice selective and perfusion weighted
images. A voxel wise exponential fit was applied with the fitting routines of MPFIT
[Markwardt, 2009] in MeVis Lab [Ritter et al., 2011] to determine the T2 values. For TF1,
the first echo was excluded from the fit due to the results from chapter 6. For all other
TFs, all echoes were fitted. In a second fit, the fitted echo number was reduced in a way
that echo times above 210 ms were excluded. The remaining echo numbers are also found
in table 7.2. For mean values of grey and white matter, a ROI was placed in each region.
T2 values of up to 210 ms were considered.
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The signal-to-noise ratio was calculated by the two region approach [Dietrich et al.,
2007]. The two region approach was easier to implement and chapter 5 showed that the
results are as good as with the difference method. The same ROIs for grey and white
matter were used as for the T2 calculation.
7.3 Results
7.3.1 T2 Simulation with different Turbo Factors
The T2 simulation with different TFs revealed that T2 is overestimated with higher TF.
The relative error of initial and apparent T2 rises with decreasing refocusing flip angle.
This effect is stronger for TFs > 1. In detail, for refocusing flip angles of 150◦ and higher,
the relative error of initial and fitted T2 is below 2%, except for TF3 where it is up to 10%
for a refocusing flip angle of 150◦. For refocusing flip angles of 120◦, TF1 has a relative
error of less then 4% while it is between 20% and 30% for the higher TFs. For refocusing
flip angles of 90◦, the relative error of TF1 is around 20% while it becomes more than
100% for higher TFs.
In a second simulation, the first echo was excluded from T2 fitting and the second echo
was treated as first. In this case, the T2 fitting results reveal that the relative error is clearly
reduced even for higher TFs and that the fitted T2 values lie closer together. Except for
TF6, the relative error is below 10% even for refocusing flip angles of 120◦. For refocusing
flip angles of 90◦ it is around 20-30%.
Generally, T2 is mainly overestimated with higher TF, especially if the refocusing flip
angle is reduced. In table 7.3, the percental ratio of TF3 and TF1 at different refocusing
flip angles is compared. With decreasing refocusing flip angle the difference of the T2
values increases. If the first echo for TF3 is excluded from the fit and the second echo is
treated as first, the T2 values lie much closer together and much closer at the initial T2
value. The flip angle dependence is almost lost. The comparison of TF1 and TF3 was
chosen because these two TF values are compared in the main study.
percental ratio of the T2 values of TF1 and TF3 [%]
flip angle [◦] first echo of TF3 not excluded first echo of TF3 excluded
170 1.13 -0.23
150 7.96 -3.30
120 23.33 -0.27
90 45.34 -5.10
Table 7.3: Percental ratio of the simulated T2 values with TF3 and TF1 for different refocusing flip angles.
Simulation values were: initial T2 100 ms, TE 20 ms, bolus length 1400 ms. Eight echoes were
fitted for TF1, and four for TF3. The first echo was always excluded from the fit for TF1 and in the
right column as well for TF3.
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7.3.2 In-vivo Turbo Factor Study
SNR varied strongly between volunteers, though the effect was stronger in the perfusion
weighted images. For both volunteers it increased with multiple averaging. The SNR
deviation of the perfusion weighted images, depending on the TF and with that on the
averages, was strongest in the first 210 ms. At later echo times, the relative difference was
very small and the mean values were below noise, at least for the perfusion weighted
images. In figure 7.2, SNR of all TF and standard deviation of the noise for TF1 and
TF3 are plotted for grey matter of the perfusion weighted images. For white matter, the
overall SNR is smaller than for grey matter.
Blurring along z-direction increases significantly with rising TF, this is displayed in
figure 7.3.
T2 values of the perfusion weighted images differ depending on the TF, being smallest
for TF1. TF2 and TF3 have almost equal T2 values. The two highest TFs yield sometimes
lower and sometimes higher T2 values than TF2 or TF3. Especially for TF1 with only one
average, many voxels had too low signal and the T2 fit failed or was unstable. TF6 on the
other hand had very long echo times and only two echoes were fitted. In most cases the
reduced number of echoes did not significantly change the fitted T2 value. For grey mat-
ter and volunteer 1, the absolute T2 values varied between 62 ms and 128 ms. Volunteer
Figure 7.2: SNR of the perfusion weighted images obtained with TF1, TF2, TF3, TF4 and TF6. The standard
deviation of the noise for TF1 and TF3 is plotted as well. They are not equal because a different
number of averages was obtained for the different turbo factors.
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Figure 7.3: Blurring in z-direction of the label images depending on the TF. From left to right TF1, TF2, TF3,
TF4, TF6.
2 had a clearly higher perfusion than volunteer 1 and the T2 values were between 93 ms
and 114 ms.
For the non selective and slice selective images, the T2 values are generally smaller.
For volunteer 1, they were between 69 ms and 87 ms for grey matter and between 57 ms
and 77 ms for white matter. For volunteer 2 they were between 61 ms and 83 ms for grey
matter and between 44 ms and 55 ms for white matter.
7.4 Discussion and Conclusion
The simulation and the in-vivo study showed that the choice of TF clearly influences the
calculated T2 values. Higher TFs correlate with higher T2 values. The simulation and
the last chapter (cf. sections 7.3.1 and 6.3.1) showed that the signal of the first echo has
a strong influence on the T2 fit. For higher TFs, where the signal following the first re-
focusing pulse cannot be omitted, reduced flip angles are problematic because the signal
intensity is clearly reduced but has a strong impact on the fit. Even though for TF > 1 the
first contrast is a mixture of several refocusing pulses, the signal of the first echo plays an
important role because the central partition is encoded while outer parts of k-space are
filled with the signal following the other refocusing pulses.
Omitting the first spin echo for TF > 1, as done in the simulation, is not possible for
scanner data and therefore no real option since several echoes with most intensity would
not be used. Since SNR is a critical problem as seen in the results of the in-vivo study
(section 7.3.2), the first echo should be kept whenever possible. And since for scanner
data with TF > 1 the first contrast will be a mixture of several refocusing pulses, the
negative effect of the signal after the first refocusing pulse might not be as strong as in
the simulation.
In the simulation, all echoes generated from the refocusing pulses are calculated but
depending on the TF, only every second, third, fourth or sixth echo is used for fitting.
All other echoes are ignored. This makes the simulated results only partly comparable to
scanner data. To quantify the difference of the simplified simulation approach compared
100
7.4 Discussion and Conclusion
to scanner data, a phantom study could be performed. In this work, this is not done
because the simulated data is assumed to be good enough to be compared to in-vivo
data. Comparing the percental ratio of the T2 values with TF3 and TF1 of the simulation
and the perfusion weighted images of chapter 8 (cf. table 7.3 and 8.1) strengthens this
assumption. The percental ratio of the T2 values with TF3 and TF1 (cf. chapter 8, table
8.1) is up to 13% except for 3300 ms where it is 20%. These ratios lie in the range of the
ratio of 150◦ refocusing flip angles in the simulation (cf. table 7.3). From section 6.5.3 it
is known that the used 180◦ refocusing pulses are not perfect. It is therefore realistic that
the ratios lie in the same range and values of the simulation can be compared with the
in-vivo study.
Excluding the first spin echo in the simulation extremely improves the fitted T2 values.
The T2 values for different TFs lie closer together and are much closer to the initial T2
value.
To minimize the effect of the first spin echo on scanner data, the sequence acquisitions
scheme could be adjusted in a way that for TF > 1 the readout begins after the first spin
echo or the first echo is used to encode a non central partition. This is comparable to omit-
ting the first echo in the simulation independent of the turbo factor and should reduce
the impact of the TF on the T2 results.
An additional discussion of results can be found in the next two paragraphs, so for the
simulation, most results are already stated. The discussion of the in-vivo results focuses
on the T2 evaluation with regard to SNR, number of image averages and scan time.
7.4.1 T2 Simulation with different Turbo Factors
Just from the simulation it is assumed that for refocusing flip angles of 170◦ and greater,
the choice of TF should not lead to very different results. But for smaller refocusing flip
angles, only TF1 with the first echo excluded from the fit gives results close to the initial
T2 value.
Transferring this knowledge to scanner data when higher TFs are used and the se-
quence acquisition scheme is not changed, it is good to keep refocusing flip angles of
180◦ or close to that. But as already stated, the 180◦ refocusing pulses of the scanner are
not perfect (cf. section 6.5.3) and a perfect refocusing cannot be guaranteed without a
scanner calibration.
7.4.2 In-vivo Turbo Factor Study
The SNR analysis showed that for echo times above 210 ms, obtaining three averages is
not enough to obtain a signal well above noise for the perfusion weighted images. A
clearly higher number of image averages is necessary for longer echo times. Averaging is
even more important for white matter than for grey matter. For the non selective and slice
selective image analysis, SNR is no concern even at longer echo times. T2 fitting works
well on three echoes, which is recommended as minimum. The first echo time should not
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exceed 30 ms, otherwise not more than three echoes have SNR well above noise, already
for TF2.
Obtaining the smallest T2 values with TF1 is probably due to the very low signal inten-
sity, which also leads to a failing of the fit. TF1 should therefore only be used with at least
three image averages. The first echo is excluded from the TF1 fit because the results from
chapter 6 showed that the T2 fit of TF1 images can be significantly improved by exclud-
ing the first echo. The first echo shows the strongest flip angle dependence. Imperfect
180◦ refocusing pulses flip parts of the magnetisation to the longitudinal direction and
lead to a single drop in the first echo. This effect is less significant with TF > 1 because
several refocusing pulses contribute to the image contrast. But as already said, it cannot
be ignored.
Blurring in z-direction is stronger with higher TFs. Smaller flip angles for the refocus-
ing pulses could reduce blurring, but T2 values have to be corrected (cf. with chapter 6).
In summary, if time constrains limit the use of TF1 with sufficient number of averages,
using TF3 with three image averages is a good tradeoff concerning SNR, blurring in z-
direction and quality of the T2 fit.
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measurements
Precise ASL T2 measurements are challenging because they are influenced by many factors like
the choice of crusher gradients, the refocusing flip angle, and the number of fitted echoes. When
extended to multi-TI T2 measurements, SNR at longer inflow times can be critical, especially
if scan time limits the number of image averages. This chapter comprises the results of the last
chapters to retrieve a robust and reliable multi-TI T2 acquisition and fitting routine, fast enough
to be implemented in clinical routine to determine T2 values for every individual patient. Hence,
these values can be incorporate into two compartment modules for permeability quantification.
8.1 Introduction
Recently, two compartment modules were extended to consider not only T1 but also T2
relaxation times [Gregori et al., 2012, 2009; Liu et al., 2011]. This is important because
Carr et al. [2007] showed that it is not possible to determine permeability only by consid-
ering T1 relaxation times. Tissue and blood T1 relaxation times are very similar whereas
T2 relaxation times are different. Measuring permeability is of high interest to better un-
derstand tissue functions to monitor changes in diseased tissue or under drug therapy,
especially if the blood brain barrier is affected. Due to the size of the macro molecules,
with traditional gadolinium contrast agents, small blood brain barrier changes cannot be
detected, making permeability quantification with ASL even more interesting. The hy-
drogen molecules are even able to pass an intact blood brain barrier and therefore, even
small blood brain barrier changes could be detected non-invasively.
The latest approaches [Gregori et al., 2012, 2009; Liu et al., 2011] used fixed T2 values
or fitted T2 times beforehand to later incorporate them in the two compartment model.
This approach is not practicable in clinical routine for individual patients. In this chap-
ter, the findings of the last chapters are considered to implement a robust and fast T2
measurement into a standard multi-TI ASL acquisition scheme. Thus, the optimal choice
of crusher gradients, refocusing flip angle, adaptive averaging and TF is considered to
achieve an optimized T2 fit at several inflow times within reasonable scan time. Multi-TI,
multi-TE data was obtained at TF1 and TF3 and different numbers of echoes were used
for fitting to find out whether the number of fitted echoes has a strong impact on the
fitted T2 results.
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8.2 Method
Six healthy male volunteers participated in the study (age: 30-50 years). Written informed
consent was obtained from all volunteers.
The study was performed on a 3T scanner (Siemens Magnetom Verio) with a vendor
provided 20 elements head coil.
A T1 weighted gradient echo sequence with a spatial resolution of 1.0 x 1.0 x 3.0 mm
was obtained to generate masks for grey and white matter. Segmentation of grey and
white matter was done in MeVis Lab. A voxel was assigned to grey or white matter
when the probability for the particular case was 50% or higher.
A T2 weighted turbo spin echo (TSE) sequence was run with a spatial resolution of
0.6 x 0.6 x 3.0 mm or 0.5 x 0.5 x 3.0 mm, depending on the individual head size. Two
contrasts at echo times of 21 ms and 203 ms were obtained. The two contrasts were used
to have a rough estimation of the tissue T2 values. Even though only two contrast were
available, a voxel wise exponential fit was applied with the fitting routines of MPFIT in
MeVis Lab. T2 values in the range of 30 ms to 300 ms for grey and white matter and from
30 ms to 600 ms for cerebrospinal fluid were considered by calculating the mean values
for the different tissue types.
The T1 and the turbo spin echo sequences were run at the beginning, so that the volun-
teers rested at least 10 minutes before the ASL sequences were started. For ASL imaging,
an optimized FAIR PASL pulse scheme including background suppression with post la-
beling saturation (for T1 of 700 ms and 3500 ms) and Q2TIPS was used, in combination
with a 3D-GRASE readout [Günther et al., 2005] with a spatial resolution of 6.0 x 6.0 x 6.0
mm. Images at six different TIs were obtained (800 ms to 3300 ms with 500 ms spacing).
The sequence was run twice. The first time with TF1, imaging 12 contrasts, and the sec-
ond time with TF3 and 8 contrasts. The refocusing flip angles were set to 180◦. In both
cases, eight partitions were encoded by using Partial Fourier of 6/8 and adaptive aver-
aging of three repetitions in quadratic mode. Adaptive averaging is explained in section
5.2. The distribution of the averages at the different inflow times was: 1, 2, 2, 3, 4, 6. The
maximal bolus length was set to 1400 ms. The echo times and bandwidths were: TF1:
first TE 20.49 ms, increment 20.49 ms, BW: 3551 Hz/Px; TF3: first TE 20.16 ms, increment
60.48 ms, BW: 3005 Hz/Px.
SNR was calculated by the two region method [Dietrich et al., 2007] for grey and white
matter of the perfusion weighted images for each TI, TE and volunteer. The total area of
the grey or white matter mask was taken into account and not as in the in-vivo study of
chapter 7 a small region with maximum signal intensity.
On the masked non selective, slice selective and perfusion weighted images, a voxel
wise exponential fit was applied with the fitting routines of MPFIT [Markwardt, 2009] in
MeVis Lab [Ritter et al., 2011]. For TF1 different number of echoes were fitted. The first
echo was always excluded from the fit. This fitting approach was chosen according to
the results from chapter 6. Three, five, six, seven and eight of the following echoes was
fitted. For TF3, two and three echoes were fitted. Here, the first echo was included in the
fit. Otherwise the signal from the first three refocusing pulses would be omitted.
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T2 values between 10 ms and 240 ms with a relative error below 20% in the first and
below 10% in a second evaluation were considered. The minimum threshold for signal
intensity to apply a T2 fit was set to 10 and in a second fit to 20. The images were fitted
with and without applying a spatial Gauss filter (σ = 1 voxel) before the fit.
The T2 analysis of the perfusion weighted images was only done in the grey matter
region. In white matter, the signal was not high enough for a reliable analysis and might
in several regions be confounded with partial volume effects of grey matter.
8.3 Results
SNR at different inflow times and contrasts
SNR for grey matter of the perfusion weighted images is higher than for white matter.
Highest SNR is found at 1300 ms and 1800 ms. It clearly decreases up to 3300 ms, falling
for grey matter from 22 at 1800 ms to 6 at 3300 ms. But even in white matter at the longest
inflow and echo time it is above 1.3.
For grey matter, TF1 and inflow times of up to 2300 ms, the mean SNR of all volunteers
is above 5 for the first six contrasts and above 3 for the first ten contrasts. For TI of 2800
ms, the first four contrasts have a SNR over 5 while for TI of 3300 ms only the first two
contrasts have a SNR over 5. Considering the longer echo times at TF3, similar results
are found. That means, for grey matter the first three contrasts have a SNR over 5 and
the first four have one over 3 for TIs of up to 2300 ms. The two longer TIs have a SNR of
3 for the first two contrasts.
In white matter, SNR is a bit reduced compared to grey matter. But for TF1, indepen-
dent of the inflow time, the first four contrast have a SNR above 3. For TF3, this is the
case for the first two echoes. The first four echoes for all inflow times have a SNR above 2.
T2 of the turbo spin echo sequence
The signal at the second contrast of 203 ms is not very high. The mean T2 for grey matter
and the inter-subject standard deviation of all volunteers is 115 ms ± 35 ms. T2 for white
matter is 97 ms ± 19 ms. T2 of the cerebrospinal fluid diverges most with mean values of
240 ms ± 124 ms.
ASL T2 calculation
The fitted T2 values for grey matter of the non selective and slice selective images ob-
tained with TF1 are almost independent of the threshold size of 10 or 20, and it does not
make a difference whether a maximum fitting error of 10% or 20% is allowed. Using a
spatial Gauss filter (σ = 1 voxel) reveals minimally smaller T2 values. The number of
fitted echoes does not have much impact on the T2 results either. All fitted T2 values lie
very close together. They are slightly reduced only for the case where three echoes are
fitted. The T2 difference of non selective and slice selective image depends on the inflow
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time. For grey matter and inflow times of 800 ms, 2300 ms, 2800 ms and 3300 ms the dif-
ference in T2 is up to 6 ms and for inflow times of 1300 ms and 1800 ms it is up to 15 ms
if more than three echoes are fitted. For white matter, the difference is never higher than
10 ms. The absolute mean T2 values also depend on the inflow time. They lie between 75
ms and 100 ms for grey matter and between 60 ms and 115 ms for white matter. This is
shown in figure 8.1.
For TF3, the fitting threshold of 10 or 20 also does not have an influence on the calcu-
lated T2 values of the non selective and slice selective images. Applying a Gauss filter
before the fit results in a difference of up to 6 ms of the fitted T2 values. The first three
inflow times reveal higher T2 values with Gauss filter while the last three inflow times
are smaller with Gauss filter. Fitting of two or three echoes results in T2 differences of up
to 6 ms. For grey matter, the difference in T2 for non selective and slice selective images
is up to 20 ms for inflow times of 1300 ms and 1800 ms. For the other inflow times it is
up to 10 ms, becoming smaller with longer inflow times. White matter reveals slightly
smaller differences. For grey matter, the T2 values lie between 76 ms and 107 ms. For
white matter, the range is bigger and goes from 72 ms to 126 ms. Figure 8.1 shows the T2
values of the non selective images for grey and white matter of TF1 and TF3.
The perfusion weighted images are only analysed for grey matter. For TF1, choosing a
signal threshold of 10 or 20 for fitting makes a difference especially at longer inflow times.
Figure 8.1: Fitted T2 values for grey and white matter of the non selective images at several inflow times for
TF1 and TF3. For TF1, the values for five fitted echoes and for TF3, the values for three fitted
echoes are shown. The error bars indicated the standard deviation among volunteers.
106
8.3 Results
Depending on the volunteer, most voxels are excluded by choosing a threshold of 20 at an
inflow time of 3300 ms or by choosing a maximum fitting error of 10%. Images with TF1
have slightly reduced T2 values if a Gauss filter is applied. The T2 values vary depending
on the number of fitted echoes. If only three echoes are fitted, they are much smaller and
compared to fits with more echoes, the number of voxels with a relative fitting error
below 20% is clearly reduced. For all other fitted echoes, the values lie relatively close
together with the biggest divergence at the longest inflow time. The T2 values decrease
with longer inflow time and lie between 80 ms and 110 ms if the values for three fitted
echoes are not considered. The T2 values for five fitted echoes are displayed in figure 8.2.
For TF3, the threshold for fitting almost does not make any difference. The Gauss filter
gives minimally higher T2 values, especially when only two echoes are fitted. For TI of
3300 ms, images with a Gauss filter have many voxels where the T2 fit fails. The max-
imum relative fitting error of 10% reveals a bit smaller values than a maximum relative
fitting error of 20%. If only two echoes are fitted, the T2 values are clearly smaller for TI
of 800 ms and from 2800 ms onwards. Just like for TF1, the T2 values fall with longer
inflow time. For three fitted echoes, they lie between 92 ms and 128 ms. For two fitted
echoes, they are between 83 ms and 134 ms. Here, TI of 3300 ms with a maximum fitting
error of 10% is excluded due to too few voxels.
Figure 8.2: Fitted T2 values for grey matter of the perfusion weighted images at several inflow times for TF1
and TF3. For TF1, values for five fitted echoes are displayed, for TF3, values with three fitted
echoes are shown. The error bars indicated the standard deviation among volunteers.
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TI [ms] 800 1300 1800 2300 2800 3300
percental ratio of the T2 values 8.28 13.19 10.58 13.07 11.10 20.10
of TF1 and TF3 [%]
Table 8.1: Percental ratio of the perfusion weighted T2 values with TF3 and TF1 at several inflow times. The
same values as displayed in figure 8.2 are compared.
Comparing TF1 and TF3 reveals higher T2 values for TF3. Figure 8.2 shows the T2
values for TF1 und TF3 at the different inflow times. The percental ratio of these T2
values is compared in table 8.1. It is smallest for 800 ms, varies between 10 and 14 for
inflow times from 1300 ms to 2800 ms, and has a value of 20 at the longest inflow time.
For one representative volunteer T2 maps at the different inflow times obtained with TF1
are displayed in figure 8.3.
8.4 Discussion and Conclusion
The T2 multi-TI study shows that robust T2 measurements are possible within a reason-
able scan time. As indicated by the relatively small error bars in figure 8.1 and 8.2, the
Figure 8.3: T2 maps (with TF1) of one representative volunteer at the different inflow times. From left to right:
800 ms, 1300 ms, 1800 ms, 2300 ms, 2800 ms and 3300ms. Grey and white matter were fitted.
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T2 values of the different volunteers do not deviate much, underlining the robustness of
the acquisition. On the other hand, the T2 values of the turbo spin echo sequence should
only be taken as a very rough estimation since signal intensity for the second contrast of
the turbo spin echo sequence is very small and since only two contrasts were fitted.
SNR is not of concern for the T2 calculation of the non selective and slice selective
ASL images and therefore it does not make a difference how many echoes are used for
fitting. The signal of most voxels is clearly higher than 20 and the different thresholds
for fitting are not of concern. The different T2 values at different inflow times are due to
the mixture of tissue and blood T2, which depends on the background suppression and
the relaxation state of the blood at the different inflow times. Vita et al. [2011] showed
that background suppression is clearly affected by Q2TIPS related magnetisation transfer
effects. The effect becomes more obvious at long TIs. They studied TIs up to 2700 ms but
it is most likely that the effect increases at longer TIs. The T2 values closest to real tissue
T2 are the ones around 1300 ms and 1800 ms. The difference of the non selective and slice
selective images is also caused by the amount of blood that is present in the images. In
accordance to the simulation of chapter 7, the T2 values for TF3 are higher than those for
TF1.
The perfusion weighted images are only analysed for grey matter. For long inflow
times even with adaptive averaging, the signal intensity is too low for some volunteers
for a good T2 fit. Further averaging would be beneficial. Figure 8.3 shows that the num-
ber of voxels with a good T2 fit is decreasing, especially for TI of 3300 ms. From the SNR
analysis, fitting five or six contrasts for TF1 is a good choice. For TF3, it is better to use
three than to use two echoes. Independent of the turbo factor, the values for the longest
inflow time are most critical. Especially with a Gauss filter, too few voxels can be used
for a good T2 fit.
Even though TF3 reveals higher T2 values than TF1, the general decreasing develop-
ment of T2 over TI is the same for both TFs. The values at 800 ms might be reduced
due to inflow artefacts and should be taken with precaution. If the acquisition scheme
is adjusted by using the first spin echo to encode a non central partition for TF > 1 (as
recommended in chapter 7), the difference of the T2 values obtained with TF1 and TF3
will most probably decrease. If always the same scan protocols are used, the obtained
values will be comparable although a difference among the T2 values persists.
It was shown that robust multi-TI T2 measurements are possible in a reasonable scan
time. With TF1, the acquisition took less than 13 minutes and with TF3 less then five
minutes. The T2 values were determined for every inflow time and could be directly
incorporated in a two compartment model for perfusion quantification.
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9 Summary and Outlook
ASL is slowly working its way to clinical routine and the number of applications will
increase in the coming years. The main focus so far is on perfusion quantification but
with improving techniques permeability quantification will come to focus, especially for
disease where the diagnoses with gadolinium contrast agents is ambiguous due to only
small or short time blood brain barrier breakdown. This is for example, the case in some
kind of strokes and multiple sclerosis lesions.
One major problem of ASL is small signal-to-noise ratio. The improvement is limited
by the fact that the vessel volume is very small compared to the static tissue. The differ-
ence of label and control image without background suppression is only about 1% to 2%.
However, even with background suppression it is important to compensate and avoid
all factors causing signal changes and improve SNR as far as possible. By implement-
ing adaptive averaging in the multi-TI 3D-GRASE sequence, SNR could be increased by
a factor of 1.5 and more. The perfusion quantification was improved especially at long
bolus arrival times. But even for normal bolus arrival times it becomes important, espe-
cially if TI exceeds 3000 ms. Carr et al. [2007] stated that for perfusion quantification the
optimal range of TIs is 1000 ms to 3000 ms, while it is 3000 ms to 5000 ms for permeability.
The later one is a range where the ASL signal is usually not acquired at the moment and
multiple averaging is necessary to have enough signal.
Another aspect of using adaptive averaging is that not only the perfusion quantifi-
cation is improved but also the T2 measurements profit from adaptive averaging. For
long TIs the signal at the different contrasts is less, compared to short TIs. But by using
quadratic averaging the stability of the T2 fit is improved as well.
T2 calculations are not only prone to errors due to low SNR. Multi-echo approaches
contain several sources of error, as other studies have shown. Imperfect 180◦ refocusing
pulses in combination with slice-encoding gradients can result in complex stimulated
echo patterns [Majumdar et al., 1986a,b; Crawley and Henkelman, 1987; Hennig, 1988].
SAR can be a problem due to high heat depositioning for 180◦ refocusing pulses.
In this study, no problems occurred because of high SAR. The influence of non 180◦
refocusing pulses, with particular focus on the presence of stimulated echoes was stud-
ied. While other studies suggest the use of non uniform crusher gradients [Poon and
Henkelman, 1992; Hennig, 1988] for exact T2 calculations, it was found that with the ASL
multi-TE 3D-GRASE sequence, T2 calculation worked best with uniform crusher gradi-
ents and considering the possibility of stimulated echoes in the fitting routine. Theo-
retically by using uniform crusher gradients, all magnetisation that is flipped to the lon-
gitudinal direction and slows down the signal decay, can be regained at later echo times.
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In the simulation of different crusher modes and displayed in figure 6.12 it was shown
that the contribution of the stimulated echo to the signal intensity of the second spin
echo is so strong that it lies in the same range as if only 180◦ refocusing pulses were used.
Since the first echoes strongly determine the development of the T2 curve, the regained
magnetisation by the first stimulated echo helps to stabilize and enhance the fitted T2
value.
Simulations with the extended phase graph, as well as phantom studies comparing
T2 calculations of a gold standard single spin echo sequence with those of the ASL se-
quence, revealed that excluding the first echo from the fit improves the T2 calculation
tremendously. The first spin echo has the strongest flip angle dependence because, with
reduced refocusing flip angle, more magnetisation is stored in the longitudinal direction
which reduces the signal intensity of the first spin echo. The signal reduction is almost
lost in the following spin echoes due to the signal mixture of spin and stimulated echo,
comparable to the use of uniform crusher gradients described above. However, it is not
recommended to use refocusing flip angles much smaller than 150◦ for ASL-T2 measure-
ments. The in-vivo study showed good correspondence with literature values for grey
and white matter but also proved that the choice of crusher gradients influences the re-
sults. The values obtained with equally sized crusher gradients, and excluding the first
echo from the fit will be the ones closest to the real T2 values. Considering this imaging
strategy and fitting approach addresses the main problems of the multi-echo approach.
The last part of this work extended the T2 calculation to multiple inflow times, com-
bining the results of the former chapters. Adaptive averaging as well as uniform crusher
gradients were applied. Additionally the influence of a turbo factor was tested. Using a
turbo factor can be of interest to speed up the image acquisition or gain time for an addi-
tional average to improve SNR. But the sampling of the T2 decay is different with higher
TF, than for TF1. Additionally, with TF>1 every partition has a different T2 weighting
because they are encoded at different times, leading to blurring in the z-direction. The
effect of different turbo factors was included as much as possible in the extended phase
graph simulation. It revealed an overestimation of T2 with a higher TF.
The in-vivo turbo factor study underlined the influence of the TF on the T2 fitting
results. Optimal is image acquisition with TF1 but scan times are increased to obtain
sufficient SNR.
The in-vivo study of the last chapter compared T2 values obtained with TF1 and TF3
at multiple TIs. Due to adaptive averaging SNR at TF1 is increased at the critical inflow
times. But the higher T2 values with TF3 cannot be compensated.
It shows that comparing quantitative values obtained with different imaging parame-
ters even of the same sequence is very difficult. Not to mention comparing values of
different vendors, field strength, labeling techniques and protocols. Nevertheless in most
cases T2 values obtained at one site with equal protocol will be compared or used for
further analysis. If the fitting analysis is in these cases always applied in the same manner,
the results will be comparable and permeability quantification will not be limited due to
unstable T2 calculation.
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If similar T2 results can be obtained with other labeling techniques, as is the case for
perfusion measurements [Weber et al., 2003; Wong et al., 1998a], needs to be verified.
The main study also revealed a T2 increase with inflow time of the non selective and
slice selective images. Therefore, it should be further tested if this difference in the T2
values at different inflow times can be decreased by reducing the density of the Q2TIPS
pulse train. This is recommended by Vita et al. [2011] if the differences are due to in-
fluence of reduced background suppression, coming from Q2TIPS related magnetisation
transfer effects. Yet they claim, by referring to Hernandez-Garcia et al. [2007] and Pike
et al.[1992] that the effect of magnetisation transfer is less in blood than in tissue. The
effect on the perfusion weighted T2 images is therefore maybe not an issue or relatively
small. Additionally a significant difference is that they used a background suppression
ratio of R1opt and R1opt/2, while in the multi-TI study here a ratio of R1opt and R1opt/5
is used, although it is most likely that the effect is not negligible only due to the different
ratio.
For the use of higher TFs, it should be considered to change the acquisition scheme of
the multi-TE sequence. As the simulations of different TFs showed, excluding the signal
after the first refocusing pulse significantly improved the quality of the T2 fit. This can
be compensated by modifying the acquisition scheme so that outer parts of the k-space
are encoded with the first echo and the second echo is used to image the centre of k-
space. The advantage is that the signal after the first echo can still be used, while the T2
calculation is improved. The echo time is slightly extended because it is the time from the
excitation pulse until the centre of k-space is sampled. Then, scan time can be shortened
using higher TF without affecting the accuracy of the derived T2 values.
To conclude, the multi-TE ASL 3D-GRASE sequence is capable of T2 measurements at
multiple inflow times, and achieves T2 values very close to those obtained with the gold
standard single spin echo sequence. Best results are achieved by using quadratic adap-
tive averaging, equally sized crusher gradients, refocusing flip angles of at least 150◦,
and if possible TF1. If the acquisition scheme is changed, by using the first spin echo to
encode a non central partition for TF>1 (as recommended in chapter 7), higher TF might
be favoured since the signal after the first echo can be used as well. It is relatively easy
to extend normal multi-TI perfusion measurements to multi-TI and multi-TE measure-
ments and thereby to additionally obtain T2 values for every single TI. This will improve
the attempts of permeability modelling considering T2 [Gregori et al., 2012, 2009; Liu
et al., 2011]. The scan time is not much increased compared to common multi-TI ASL
measurements and can even be reduced by using adaptive averaging, allowing the im-
plementation of T2 measurement in clinical routine.
By incorporating the T2 values directly in a two compartment model, permeability
quantification without gadolinium contrast agents should become possible. This is of
advantage when permeability is studied at an intact blood brain barrier to better under-
stand tissue functions or when only small blood brain barrier changes occur. This ap-
plies to some tumours or multiple sclerosis lesions that are, due to the size of the macro
molecules which are unable to pass an intact or only slightly damaged blood brain bar-
rier, not detectable with gadolinium contrast agents.
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Appendix
Appendix A
T2 value, using increasing crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 39.28 47.58 57.55 73.64 99.09 132.04
± 1.63 ± 2.38 ± 1.66 ± 6.60 ± 10.30 ± 10.21
150◦ 35.96 43.01 51.56 62.22 82.58 104.09
± 1.46 ± 2.04 ± 1.71 ± 5.84 ± 8.54 ± 7.40
120◦ 29.23 34.18 38.46 44.57 58.29 70.60
± 1.68 ± 2.25 ± 1.38 ± 4.44 ± 6.62 ± 5.36
90◦ 25.48 22.52 26.73 26.01 30.83 34.27
± 3.03 ± 1.51 ± 1.61 ± 1.87 ± 2.55 ± 2.15
Table 1.1: Apparent T2 values with their fitting error for increasing crusher gradients. The apparent T2 values
are calculated out of non selective ASL images. The first refocusing pulses was always 180◦. All
eight echoes were included in the fit.
T2 value, using increasing crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 39.28 47.58 57.55 73.64 99.09 132.04
± 1.63 ± 2.38 ± 1.66 ± 6.60 ± 10.30 ± 10.21
150◦ 36.20 43.02 52.27 64.05 87.52 110.53
± 1.50 ± 2.88 ± 2.17 ± 7.09 ± 9.47 ± 8.42
120◦ 30.51 37.07 43.69 57.88 89.30 105.20
± 1.72 ± 8.55 ± 4.03 ± 9.91 ± 13.92 ± 11.96
90◦ 23.64 47.79 33.58 55.88 114.64 104.96
± 2.14 ± 13.70 ± 7.32 ± 15.23 ± 27.65 ± 23.32
Table 1.2: Apparent T2 values with their fitting error for increasing crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. All
eight echoes were included in the fit.
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T2 value, using increasing crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 40.64 48.06 59.46 74.02 98.77 129.46
± 0.75 ± 1.67 ± 1.61 ± 4.79 ± 7.46 ± 8.02
150◦ 37.91 46.44 54.74 66.19 86.91 106.43
± 1.03 ± 1.83 ± 1.60 ± 4.70 ± 7.31 ± 5.96
120◦ 32.32 46.05 47.59 61.27 83.07 98.42
± 1.84 ± 4.76 ± 2.37 ± 6.11 ± 10.58 ± 6.16
90◦ 26.51 41.66 39.11 53.25 84.32 86.52
± 3.73 ± 15.11 ± 6.54 ± 11.46 ± 16.93 ± 11.13
Table 1.3: Apparent T2 values with their fitting error for increasing crusher gradients. The apparent T2 values
are calculated of non selective ASL images. The first refocusing pulses was always 180◦. The
first echoes was not included in the fit.
T2 value, using increasing crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 40.64 48.06 59.46 74.02 98.77 129.46
± 0.75 ± 1.67 ± 1.61 ± 4.79 v 7.46 ± 8.02
150◦ 39.05 46.02 56.44 70.82 94.62 117.42
± 1.90 ± 4.22 ± 2.40 ± 6.32 ± 6.91 ± 6.33
120◦ 47.67 60.32 70.81 99.76 142.66 169.09
± 5.50 ± 14.54 ± 5.29 ± 10.95 ± 15.16 ± 13.12
90◦ 88.46 115.26 116.43 162.48 271.55 290.36
± 7.36 ± 23.04 ± 11.40 ± 19.49 ± 46.31 ± 43.63
Table 1.4: Apparent T2 values with their fitting error for increasing crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. The
first echoes was not included in the fit.
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T2 value, using alternating crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 37.07 43.81 53.47 61.84 81.65 108.40
± 1.68 ± 1.85 ± 1.71 ± 8.38 ± 8.71 ± 11.47
150◦ 33.65 39.08 45.00 46.27 56.70 68.69
± 1.96 ± 2.91 ± 2.60 ± 5.58 ± 5.03 ± 6.22
120◦ 28.36 30.48 34.38 37.71 47.09 56.67
± 1.98 ± 2.09 ± 1.67 ± 5.34 ± 5.95 ± 6.32
90◦ 25.34 22.53 26.48 28.38 36.28 41.78
± 3.29 ± 1.35 ± 1.12 ± 4.48 ± 6.26 ± 5.81
Table 1.5: Apparent T2 values with their fitting error for alternating crusher gradients. The apparent T2 values
are calculated out of non selective ASL images. The first refocusing pulses was always 180◦. All
eight echoes were included in the fit.
T2 value, using alternating crusher gradients,
equally sized refocusing flip angles and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 37.07 43.81 53.47 61.84 81.65 108.40
± 1.68 ± 1.85 ± 1.71 ± 8.38 ± 8.71 ± 11.47
150◦ 31.29 36.47 41.83 41.83 51.13 62.24
± 1.47 ± 1.71 ± 1.51 ± 5.12 ± 4.03 ± 5.42
120◦ 25.58 30.17 32.63 38.19 56.45 74.78
± 0.92 ± 2.09 ± 1.53 ± 6.77 ± 16.20 ± 14.81
90◦ 27.09 38.78 46.19 78.43 130.48 138.80
± 1.69 ± 7.24 ± 5.41 ± 26.05 ± 40.98 ± 25.66
Table 1.6: Apparent T2 values with their fitting error for alternating crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. All
eight echoes were included in the fit.
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T2 value, using alternating crusher gradients,
a 180◦ first refocusing flip angle and
excluding the first of the eight echoes from the fit
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 35.76 40.60 51.07 57.12 75.47 100.85
± 1.66 ± 0.79 ± 2.61 ± 6.85 ± 7.42 ± 7.97
150◦ 32.79 33.57 40.47 37.90 46.46 58.00
± 1.27 ± 3.62 ± 4.14 ± 4.98 ± 4.07 ± 4.34
120◦ 28.41 26.56 32.36 40.49 51.92 75.46
± 1.09 ± 3.44 ± 2.91 ± 13.57 ± 9.67 ± 9.47
90◦ 29.35 48.23 50.01 93.04 115.86 138.59
± 1.58 ± 9.95 ± 10.17 ± 32.76 ± 21.37 ± 14.42
Table 1.7: Apparent T2 values with their fitting error for alternating crusher gradients. The apparent T2 values
are calculated out of non selective ASL images. The first refocusing pulses was always 180◦. The
first of eight echoes was not included in the fit.
T2 value, using alternating crusher gradients,
equally sized refocusing flip angles and
excluding the first of the eight echoes from the fit
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 35.76 40.60 51.07 57.12 75.47 100.85
± 1.66 ± 0.79 ± 2.61 ± 6.85 ± 7.42 ± 7.97
150◦ 30.24 28.84 34.63 31.40 38.70 50.95
± 1.18 ± 1.73 ± 0.82 ± 4.31 ± 2.57 ± 3.56
120◦ 24.51 26.51 27.38 84.74 137.52 198.55
± 0.92 ± 3.05 ± 2.75 ± 36.04 ± 43.94 ± 35.32
90◦ 102.96 151.86 152.64 215.79 302.89 341.01
± 2.89 ± 23.34 ± 10.00 ± 42.94 ± 31.05 ± 41.88
Table 1.8: Apparent T2 values with their fitting error for alternating crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. The
first of eight echoes was not included in the fit.
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T2 value, using equal crusher gradients,
a 180◦ first refocusing flip angle and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 39.60 46.90 60.68 70.16 96.73 132.49
± 1.50 ± 2.71 ± 3.31 ± 10.42 ± 11.50 ± 13.90
150◦ 38.97 48.40 58.85 71.06 100.00 129.82
± 2.42 ± 3.25 ± 3.62 ± 11.89 ± 12.35 ± 16.72
120◦ 36.57 48.35 55.97 72.09 98.05 126.50
± 3.12 ± 4.70 ± 5.12 ± 18.51 ± 13.84 ± 18.77
90◦ 29.66 41.87 44.67 63.06 85.27 105.25
± 3.75 ± 6.94 ± 6.88 ± 25.14 ± 16.50 ± 20.65
Table 1.9: Apparent T2 values with their fitting error for equal crusher gradients. The apparent T2 values are
calculated out of non selective ASL images. The first refocusing pulses was always 180◦. All eight
echoes were included in the fit.
T2 value, using equal crusher gradients,
equally sized refocusing flip angles and fitting all eight echoes
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 39.60 46.90 60.68 70.16 96.73 132.49
± 1.50 ± 2.71 ± 3.31 ± 10.42 ± 11.50 ± 13.90
150◦ 41.37 50.33 61.00 72.90 104.42 134.44
± 1.62 ± 2.65 ± 2.88 ± 13.70 ± 12.73 ± 17.93
120◦ 50.97 63.38 71.16 89.27 122.00 153.70
± 1.73 ± 4.36 ± 4.59 ± 20.79 ± 18.78 ± 22.02
90◦ 71.14 95.38 96.06 124.99 167.65 198.08
± 2.51 ± 8.59 ± 7.49 ± 36.85 ± 30.10 ± 30.75
Table 1.10: Apparent T2 values with their fitting error for equal crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. All
eight echoes were included in the fit.
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T2 value, using equal crusher gradients,
a 180◦ first refocusing flip angle and
excluding the first of the eight echoes from the fit
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 40.50 47.62 63.15 70.02 96.78 130.00
± 0.92 ± 3.14 ± 5.69 ± 9.25 ± 9.01 ± 10.69
150◦ 49.49 57.27 68.52 83.01 114.32 144.16
± 6.15 ± 4.86 ± 3.10 ± 11.34 ± 11.86 ± 12.87
120◦ 59.91 70.04 80.61 104.85 133.39 172.09
± 6.95 ± 3.92 ± 6.39 ± 29.64 ± 16.97 ± 17.05
90◦ 78.92 97.94 104.50 135.64 187.28 231.24
± 9.03 ± 7.23 ± 11.62 ± 31.06 ± 36.03 ± 33.02
Table 1.11: Apparent T2 values with their fitting error for equal crusher gradients. The apparent T2 values
are calculated out of non selective ASL images. The first refocusing pulses was always 180◦.
The first of eight echoes was not included in the fit.
T2 value, using equal crusher gradients,
equally sized refocusing flip angles and
excluding the first of the eight echoes from the fit
flip angle sample 1 sample 2 sample 3 sample 4 sample 5 sample 6
180◦ 40.50 47.62 63.15 70.02 96.78 130.00
± 0.92 ± 3.14 ± 5.69 ± 9.25 ± 9.01 ± 10.69
150◦ 39.76 45.42 59.01 75.72 108.08 137.83
± 1.61 ± 2.58 ± 3.07 ± 13.88 ± 10.58 ± 13.27
120◦ 40.28 46.75 59.61 84.59 111.77 144.92
± 1.14 ± 3.55 ± 4.30 ± 26.69 ± 16.89 ± 15.49
90◦ 47.19 61.82 68.05 97.11 119.99 148.94
± 0.79 ± 5.68 ± 5.57 ± 38.64 ± 20.40 ± 16.21
Table 1.12: Apparent T2 values with their fitting error for equal crusher gradients. The apparent T2 values
are calculated out of non selective ASL images where all refocusing pulses had equal size. The
first of eight echoes was not included in the fit.
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Abbreviations
The following abbreviations are used in this thesis:
ASL = arterial spin labeling
BAT = bolus arrival time
BW = bandwidth
CASL = continuous arterial spin labeling
CBF = cerebral blood flow
CPMG = Carr-Purcell-Meiboom-Gill
CSF = cerebrospinal fluid
EPG = Extended Phase Graph
EPI = echo planar imaging
FID = free induction decay
FOV = field of view
GM = grey matter
MR = magnetic resonance
MRI = magnetic resonance imaging
ms = milli-seconds
MT = magnetisation transfer
ns = non selective
PASL = pulsed arterial spin labeling
PFT = partial Fourier technique
RF = radio frequency
ROI = region of interest
SAR = specific absorption rate
SE = spin echo
SNR = signal-to-noise ratio
ss = slice selective
T1 = longitudinal relaxation time
T2 = transverse relaxation time
TE = echo time
TF = turbo factor
TI = inversion time or inflow time
TR = repetition time
TSE = turbo spin echo
V = volume
WM = white matter
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